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Abstract

The Sudabiome is a unique metagenomic project focusing on several critical areas of
the Sudanese population. It highlights a pivotal framework in understanding novel
aspects of Sudanese health that include oral and gut health, cultural metagenomics,
nutritional trends, migratory travel impacts, and the susceptibility or protection against

diseases.

Toombak is a fermented smokeless tobacco produced from the Nicotiana
Rustica tobacco plant, utilised predominantly by Sudanese males. The Toombak is
‘dipped’ in the oral cavity and replaced several times a day. The microbiome,
mycobiome, phylogenetics and metabolomics of 21 pre-prepared and ready to buy
Toombak samples purchased from different regions in Khartoum city were assessed,
as well as the pH, chemical and microscopical composition of the product. The heavy
metals, chromium, cobalt, and copper were high in the pre-prepared form of Toombak,
while iron, tobacco-specific nitrosamines [TSNAs], formaldehyde and acetaldehyde
were considerably elevated in both types compared to EU regulated smokeless tobacco
products.

The phyla, Firmicutes and Actinobacteria dominated all samples of Toombak.
Virgibacillus was found to be significantly increased in the pre-prepared form
[g=3.6314e-8] compared to the ready to buy forms, while Corynebacterium casei
[g=1.6417e-5], Atopococus tabaci [p=0.05], and Staphylococcus gallinarum
[p=0.01] were the genera abundant in the ready to buy Toombak in comparison to the
pre-prepared form. The mycobiome of the ready to buy Toombak was found to be
enriched with Aspergillus [85.54%] with the species, Aspergillus heterocaryoticus
[43.27%] and austwikii [39.48%] dominating the samples. Furthermore, utilising
PICRUSt, the ready to buy samples were found to harbour an increased activity of
metal transport systems [K02006, K02013 and K02015] and an antibiotic transport
system [K09687]. The Toombak had a large non-homogenous and irregular particle
distribution with increased sodium, while the pH of samples was in the alkaline range

[8.73-9.92]. TSNA, formaldehyde and acetaldehyde levels observed in Toombak were
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found to be some of the highest compared to other smokeless tobaccos from around
the world such as snus from Sweden and moist smokeless tobacco from the
USA. These findings highlight that the final composition of Toombak is affected by
its preparation method, with Toombak use having the potential to impart many

negative consequences on the health of its users.

Dependency on Toombak use was examined through the utilisation of the Fagerstrom
test for nicotine dependence smokeless tobacco questionnaire. Nineteen chronic
Toombak users had an 85% dependence score. In addition, stress level over a 3-month
retrospective period was evaluated through ‘scalp-side’ hair cortisol analysis. Mean
cortisol levels were significantly lower [p=0.023] amongst Toombak users [9.7 pg/ml]
compared to non-users [19.4 pg/ml]. While use of Toombak may initially bring
anxiolytic effects to its users, blunting of the hypothalamic-pituitary axis chronically
ensues in Toombak users, affecting cortisol release. This is likely due to the continued
high levels of nicotine exposure and toxic effects that many Toombak compounds
cause to body organs, including the adrenal glands.

The Sudan has a rich heritage of food fermentation that involves a vast array of raw
starting materials and methodologies of production that have been preserved for
centuries. Forty-six Sudanese fermented foods were sourced from six food categories
that included, crop [sorghum and millet], plant [Cassia obtusifolia and sesame], fish,
animal, and dairy sources to establish these foods metagenomic composition, some of
which were explored for the first time. 16S rRNA sequencing was undertaken, while
a subset of foods underwent internal transcriber [ITS] sequencing for mycobiome
analysis. Beta diversity [p=0.001] was significantly varied between the categories of
Sudanese fermented foods. Animal, fish, and plant-based foods exhibited the highest
alpha diversity richness [p=8.7229e-07] while fish and plant-based foods had an
elevated Shannon index [p=0.001]. Crop-based foods [sorghum and millet] were
found to be enriched in the genus Acetobacter [96.89%], plant-based foods in
Aeriscardovia [99.14%], dairy-based foods in Enhydrobacter [85.03%], animal-based

foods in Bacteroides [98.22%] and fish-based foods in Sporosarcina [99%)].

A loss of Lactobacillus abundance was observed between the preparatory [26.91%]

and final [4.38%] stages of sorghum and millet fermented foods. The Kawal food,
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obtained from the fermentation of the Cassia obtusifolia plant was found to harbour a
comprehensive microbiome [Bacillus, Lactobacillus, Pediococcus, Citrobacter and
Bifidobacterium] and mycobiome [Candida, Aspergillus, Cladosporium and
Malassezia] which could potentially harbour unknown but novel probiotic benefits to
consumers. Sudanese fermented foods were however also found to be a source for
pathogenic bacteria that included Escherichia-Shigella found abundantly in the plant-
based foods [46.8%] and Wohlfahrtiimonas which were found to be abundant in
animal-based foods [79.07%]. Intra-food categorical analysis found Lactobacillus to
be enriched in the dairy food Mish or deep yoghurt [86%] compared to Gergosh or the

dairy/legume biscuit [24%] and Garis or fermented camel milk [10%].

Extensive screening of the oral microbiome of users and non-users of Toombak was
undertaken through 415 samples detecting salivary [n=72], plaque [n=71], tongue,
buccal cheek, floor of the mouth and palatal mucosal [n=272] microbiome variations.
In a subset of salivary samples, the mycobiome [ITS] was also assessed. The
microbiome of oral squamous cell carcinoma and premalignant samples [n=46] from
formalin-fixed paraffin-embedded tissue was further evaluated from another cohort of
users and non-users of Toombak. Alpha diversity [richness] was low for tongue
microbiome compared to other mucosal locations [p=3.6849e-34] and Beta diversity
was found to be significant between the four oral mucosal locations [p<0.001].

Fusobacteria and Patescibacteria in saliva and Actinomyces in the saliva [p=0.0045],
tongue [p=0.013] and palate [q=0.001], were correlated with Toombak use. Skin-
associated microbiome were increased amongst the oral cavity of Toombak users and
included Staphylococcaceae [q=0.037] in the saliva and Cutibacterium [g=0.04] in the
buccal cheek and floor of the mouth. In Toombak users, utilising LEfSe plotting, the
genus Peptostreptococcus was most distinct for Toombak use. Non-users of Toombak
were found to have abundances in Prevotella [buccal, p=0.04] and Bifidobacterium
[tongue, q=0.0049] while Scardovia was discriminant of non-user’s tongue
microbiome. Virulent strains such as Prevotella nigrescens and Streptococcus
equinus [tongue, p=0.043] were found in the oral microbiome of Toombak users while
Prevotella salivae and Streptococcus sobrinus [tongue, g=0.023] were found in non-
users of Toombak. There was a three-fold enrichment of oral Aspergillus [78.93%] in

the saliva of Toombak users compared to non-users [21.07%] with reduced Candida
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abundance in Toombak users [4.33%] compared to non-users [95.67%]. Virulent
fungal species were also found in smokeless tobacco users [Candida tropicalis]

compared to non-users [Candida albicans].

Premalignant lesion microbiome composition included Rothia [p=1.5e-10] and
Peptostreptococcus [p=6.5e-07] agreeing with the literature. The oral cancer
microbiome in Toombak users harboured genera favouring a poor survival and
metastasis that included Stenotrophomonas, [p=0.043] and Schlegelella, [p=0.048],
compared to genera found in oral cancer samples from non-users of Toombak such as
Lactobacillus, [p=0.024]. The genus Corynebacterium_1 was found to be common to
the Toombak product, the oral cavity [saliva, p=0.0054, floor of the mouth, p=0.0028]
and oral cancer samples [p=0.044] of Toombak users. These findings highlight that
several oral distinctions follow Toombak use, allowing for a microbiome that could
potentiate disease and destabilise the normal oral microbial flora while our findings
also harbour the potential for microbiome biomarkers to be employed in the future

screening of oral carcinoma in Sudan.

In 141 participants, an inter-continental metagenomics study was achieved on
residents from Africa [Sudan] and Europe [lIreland] concerning diet frequency,
microbiome composition and metabolome activity of stool samples. The European
Prospective Investigation into Cancer and Nutrition Norfolk Food Frequency
Questionnaire [EPIC - Norfolk FFQ] was modified and employed to compare food
groups, nutrient and energy intakes between three cohorts, the Irish living in Ireland
[Irel], the Sudanese living in Ireland [Sudlrel] and the Sudanese living in Sudan [Sud].
Cereals and cereal products, fats and oil, fish and fish products, fruits and vegetables,
meat and meat products, sugar preserves and snacks were consumed at a reduced
intake in the Sud cohort with a high strength of association and large effect size [eta?
= >0.14]. Egg and egg products [eta? =0.04], nuts and seeds [eta?=0.05] and non-
alcoholic beverages [eta?=0.108] were also consumed highly in Sud, albeit with low
and medium effect sizes. The average energy intake [measured in kcal/day] between
groups was statistically different [p <0.001] and was found to be lowest in Sud [1077
kcal/day], compared to Sudlrel [2729 kcal/day] and Irel [3442 kcal/day]. The diet of
the Sud cohort was thus found to be low in calcium [p=0.05], carbohydrates, fibre,
protein, fat, potassium, sodium, and vitamins A, C, B1, B2, B6, B12 and D [p<0.001]
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but high in vitamin B5 [pantothenic acid] and intermediate in Vitamin K levels. These
results highlight the variations of dietary consumption between the two populations;
Sudan and Ireland and helps set a fundamental previously unmet base for future
research to evaluate dietary trends in the Sudanese population, including children.

Microbiome Beta diversity plotting [g=0.001] highlighted a distinct ‘sandwiched’
presentation to the cohort Sudlrel compared to Irel and Sud groups, with R? = 63%.
Alpha diversity measures however were found to be non-significant between groups
[Shannon index or evenness, p=0.74]. Microbiome genera such as Prevotella,
[g=3.169e-06], Megasphaera [g=4.61e-05], Klebsiella [q=3.9067-¢], Bifidobacterium
[g=7.023e-03] and Lactobacillus [q=2.918e-09] were found to be depleted in the Irel
cohort compared to both Sud and Sudirel while in the Irel cohort, the microbiome was
instead enriched in Lachnospira [q=1.623e-09] and Bacteroides [g=3.056e-05].
Collinsella was found to be four times more abundant in Sud and Sudlrel [44%]

compared to Irel [11%].

Principal coordinate analysis of metabolomic compounds from stool samples
highlighted 27 metabolites to be significantly varied between Irel and Sud including
proline [p=0.003], adipic acid [0.04], and phosphocholine [p=0.02], 21 metabolites to
be significantly varied between Sud and SudlIrel including sugar alcohol [p=0.04] and
N-acetylneuraminic acid [p=0.01] and no significant metabolomic variations between
Irel and Sudlrel. The short-chain fatty acids, isobutyric [p=0.0] and isovaleric acid
[0.002] were significantly lower in the stool samples from those in the Irel cohort.
LEfSe plotting of PICRUSt KEGG orthology pathways indicated multi-drug
resistance activity pathways in the Irel cohort [K09686], mineral and heavy metal
transport activity in Sud [K06199] and in Sudlrel, carbohydrate metabolism pathways
were prominent [K02794, K02796, K02775, K02773, KO2774]. From these results, a
migratory impact on the traditional microbiome of the Sudanese population occurs
that has not been previously explored which may allow for both the susceptibility and
prevention of disease in this population. Those who migrate from the Sudan to Ireland
[Sudlrel], carry both tradition microbiome preservation [i.e., continued Prevotella

abundance] and modern microbial carriage [i.e., Bacteroides enrichment].
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Through these studies, there has been a novel and in depth uncovering of human and
environmental microbiome features associated for the first time with the Sudanese
population in comparison to Irish controls. Through fermentation techniques for
example, cultural [Toombak] and dietary [fermented foods] produces may carry health
benefits but also numerous predicaments such as the increased risk of oral cancer
development and systemic cortisol imbalance from Toombak use and the contraction
of food-borne diseases from contamination during Sudanese fermented food
production. The studies on Sudanese human oral and gut health have further provided
insight into how the oral and gut microbiome may respond to modern challenges such

as migration and economic, dietary and cultural influences.

This project further give light on the merging of next generation sequencing science
with economic and population challenges. Continued microbiome research in Sudan
should continue to be geared towards sharper preventative disease strategies,

management, and treatment outcomes.
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1.1 Abstract:

Oral squamous cell carcinoma [OSCC] is one of the leading presentations of head and
neck cancer [HNC]. The first part of this review will describe the highlights of the oral
microbiome in health and normal development while demonstrating how both the oral
and gut microbiome can map OSCC development, progression, treatment, and the
potential side effects associated with its management. We then scope the dynamics of
the various microorganisms of the oral cavity, including bacteria, mycoplasma, fungi,
archaea, and viruses, and describe the characteristic roles they may play in OSCC
development. We also highlight how the human immunodeficiency viruses [HIV] may
impinge on the host microbiome and increase the burden of oral premalignant lesions
and OSCC in patients with HIV. Finally, we summarise current insights into the
microbiome—treatment axis pertaining to OSCC and show how the microbiome is
affected by radiotherapy, chemotherapy, immunotherapy and also how these therapies
are affected by the state of the microbiome, potentially determining the success or

failure of some of these treatments.

1.2 Introduction

In the Global Cancer report 2018, HNC is thought to be the eighth most commonly
occurring cancer in the world [1], with oral squamous cell carcinoma [OSCC] being
the most common presentation. According to The International Classification of
Diseases for Oncology, World Health Organisation, oral cavity cancer includes the
locations of the inner lip [C00.3—C00.9], the tongue, excluding lingual tonsil [C02],
the gum [CO03], the floor of the mouth [C04], the palate [C05], and other or unspecified
parts of the mouth [CO06] [2]. Although, in some parts of the world, there is a
decreasing trend of OSCC [substituted, in part, by the increasing trend of human
papilloma virus-associated oropharyngeal cancer] [3], incidence of the disease is very
much still relevant all over the world. In Africa, OSCC statistics are highly
underreported, but, in a review by Faggons et al. [2015], the smokeless tobacco
products Toombak and Kola nut, used in Sudan and Western African countries,
respectively, were the cause of the greatest number of head and neck cancer cases on
the continent [4]. Meanwhile, Southeast and Central Asia accounts for almost half of
OSCC globally [3], while, in the United Kingdom [up to 2016], there were 52,829 oral



cavity cancer cases reported. In the Republic of Ireland, oral cancer cases are said to
be significantly increased in both genders, but particularly amongst women [2,5].
Tobacco [cigarette smoking and smokeless tobacco] and alcohol remain the most
established risk factors for the development of OSCC. Betel quid is commonly used
in Asia and is the cause for the high oral cancer burden there, while other known
aetiological predispositions include low socioeconomic status, poor intake of fruit and
vegetables, poor oral health, genetic diseases associated with DNA repair and chronic
inflammation. Indeed, on that latter note, chronic inflammation is thought to be the
cause of one in four cancers [6]. How this may relate to the aetiopathogenesis of OSCC
is an important undertaking. Compelling evidence now exists for the association of
chronic periodontal disease and the development of head and neck cancer in general
and OSCC specifically. For every millimetre of alveolar bone loss, a four-fold
increased risk of developing squamous cell carcinoma of the head and neck cancer
unfolds. Furthermore, those with periodontal disease are thought to be at greater risk
of poorly differentiated cancers [7,8]. Since periodontal disease is a microbial disease,
this sets the tone for the question: what is the role of microorganisms in the aetiology
of OSCC? This review sets out to answer this question, delving into how both the oral
and gut microbiome may sculpt, in many ways, the outcome of an OSCC from start to

finish.
1.3Review

Role and Function of the Microbiome

The microbiome, including oral, is the genome of all microorganisms, their
interactions and their products which include bacteria but also viruses, archaea and
fungi [9,10]. The “bacterial” microbiome resides in the lumen of the gut and the oral
cavity; however, the skin and vagina also harbour a diverse microbiome. Bacteria in
the gut reside either on the epithelium or pass through the lumen, both offering
important yet different roles in maintaining homeostasis between the host and the
microbiome and have the distinct ability, from an early age, to sculpt the systemic
immune response, whereby constant interactions between the gut microbiome and the
mucosa regulate inflammation and mediate immune tolerance through bacterial
translocation [11,12]. Commensal bacteria help sustain a healthy immune state
throughout the whole body, serving to educate the various stages of development of

different immune cells that later become necessary in the fight against cancer cells,
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including OSCC [13]. The functions of the gut microbiome include the metabolism of
diet components and vitamin production, as well as release of short chain fatty acids,
microbial metabolites that further promote anti-inflammatory responses such as the
release of interleukin [IL] 10, the inhibition of IL-6, tumour necrosis factor alpha
[TNF] [14] and the activation of G protein-coupled receptors, present on epithelial
cells as well as immune cells, and have a wide range of immune-inflammatory
responses, including tumour cell deactivation [15,16]. In the oral cavity, the normal
microbiota colonise space, preventing pathogenic microbes from establishing

themselves as well as exerting healthy microbial antagonism and quorum sensing.

Meanwhile, the host immune system is quite successful in maintaining a tolerant state,
mainly through the function of mucosal dendritic cells and the secretion of anti-
inflammatory cytokines such as IL-10, and prostaglandin E2, which suppress the
immune system through the formation of T regulatory cells [17], thus displaying an
intricate and well-ordered harmony of stability between oral mucosal dental tissue
health and the different microorganisms’ requirements for survival. It is only when the
environment starts to favour shifts towards a dysbiotic picture that pathogenic bacteria

begin to act at the forefront, unravelling their roles in various oral diseases.

Understanding the Microbiome first in health, then in disease

Delwhirst et al. [2010], assembled the Human Oral Microbiome project, identifying
619 bacterial taxa in 13 phyla, utilising 16S rRNA gene sequencing technology [9].
Figure 1 depicts the classification of the oral microbiome ecosystem in health. The
most abundant genera of the oral cavity are noted with regard to their respective phyla,
while archaea are recognised as either methanogenic or non-methanogenic forms and
have been isolated predominantly from subgingival pockets. Fungal genera are also
described according to their respective divisions; however, 30% of fungal
communities remain largely unculturable. Protozoa such as Entamoeba gingivalis
have been identified from within the oral cavity [18], while the commonest
mycoplasma include Mycoplasma salivarium and orale [19] and are regarded as

parasitic organisms.



Figure 1:

Bacteria * Oral microbiome ecosystem
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1:The oral microbiome ecosystem classification

A large part of the oral microbiome or “core” microbiome is comparable between
individuals; however, every individual also has unique factors [age, behavioural
habits, oral health especially saliva, immune status] that can change and modify the
microbiome over time. Bacteroidetes [mainly the genus Prevotella], as well as the
Veillonella genus, are found to increase in abundance with age, while others such as
Granulicatella become decreased [22]. Pre-tooth eruption years predominantly
display aerobic species such as Streptococcus salivarius while post-tooth eruption
exhibits a microbiome that is much more diverse with new inhabitants to the hard

surfaces of teeth and gingival crevices, particularly anaerobic bacteria. latrogenic



environmental changes such as the placement of restorations, orthodontic appliances,
implants and dentures can all place a map change in the oral microbiome.
Staphylococcus species have been shown to have a high affinity for the titanium of
implants [23], while those with orthodontic appliances have increased Streptococcus
mutans and Lactobacillus species [24]. In a study by Si et al. [2016], the subspecies
Fusobacterium nucleatum animalis was found to exclusively colonise the dentures of
patients with denture stomatitis. This subspecies has been associated with pathogenic
disease, including colorectal cancer, cardiac disease and stillbirth [25]. Neonates born
by vaginal delivery, those delivered full term and who undergo breastfeeding are
generally in the landscape of a healthy microbiome development, with a much more
diverse and stable microbiome profile, while those who are born by Caesarean section,
delivered premature, provided with formula milk or exposed to antibiotics early in life

generally favour a more dysbiotic course of microbiome development [15,26].

Indeed, any dysbiosis that occurs in the gut microbiome has been associated with many
diseases that include IBD, type two diabetes, atherosclerosis, obesity, mental
disorders, and cancers of the gastrointestinal tract, as well as lung, breast and
haematogenic malignancies [27,28]. Importantly, the oral microbiome is an important
factor to consider not just in the pathogenesis of OSCC, but also in non-head and neck-
related cancers. Oral bacteria have been implicated in oesophageal squamous cell
carcinoma and adenocarcinoma [Porphyromonas gingivalis and Tannerella forsythia,
colorectal cancer [Treponema denticola, Prevotella intermedia] and pancreatic cancer
[Actinobacillus  Actinomycetemcomitans and Porphyromonas gingivalis] [29].
Bacterial communities of a healthy person and those of an OSCC patient have been
shown to differ considerably regarding function, such that those bacterial genes
involved in methane metabolism, oxidative phosphorylation and carbon fixation are
enriched in the OSCC microbiome, while those involved in amino acid metabolism
and folate biosynthesis are not. [30]. Some members of the microbiome are regarded
as “key players”, whereby, even in low abundance, their effect is powerful enough to
impact on the remaining environment [31]. A richer and diverse microbiome with a
higher number of reads and operational taxonomic units is generally well recognised
in healthy persons, while edentulousness and disease affiliations have been associated
with reduced richness and low diversity in the microbiome [32]. Guerrero-Preston et

al. [2016], highlighted this phenomenon in OSCC cases specifically, where the total



number of bacterial operational taxonomic units amongst OSCC samples was 3659,
compared to that of healthy individuals [13,849] [33].

Microbiome and pathogenetic mechanisms underlying OSCC

Ever since Virchow in 1863, the link between “bacteria, inflammation and cancer”
progression has been put forward [34]. A statement more applicable to the present day
would include how the oral microbiome, the epithelial barrier, the immune system and
chronic inflammation exist in an elaborate oncogenic parallelogram [35]. A
background of inflammation in relation to cancer development occurs in the context
of infections, autoimmune disease and chronic and low-grade stimuli, such as from
continuous irritation [36]. The oral microbiome not only drives the chronic
inflammation that may precede OSCC but is also involved in the direct influence on
the host cell response [37]. Yost et al. [2018], showed that Fusobacteria had the
highest number of transcripts or active genes in OSCC sites than any other bacteria,
followed by Selenomonas and Prevotella, while Bacillales, Gemella and Neisseria
evidenced more activity in healthy sites. Metatranscriptomic analysis of the OSCC-
associated microbiome or “oncobiome” has shown the specific activities that are
undertaken by these bacteria such as increased metal ion transport and nitrous oxide
reductase, as well as tryptophanase and protease activity [38]. Increased ion transport
around cancer sites is associated with catalysing radical ions and the promotion of
cancer cell growth [39,40]. Other functional activities of the OSCC-associated
microbiome include anaerobic respiration, proteolysis and the response against
oxidative stress or radical species damage [41].

To provide lucidity in the relationship between the oral microbiome and OSCC, the
“who came first” concept is discussed and illustrated in Figure 2. Here, two broad
theories are formulated, in that either a single or group of bacteria may be the direct
causative or driving factor in the pathogenesis of OSCC or may have the ability to
restructure the microbiome to a more oncobiomic environment [bacteria before
tumour] that damages healthy epithelial cells, or that bacterial presence in the OSCC
tumour environment is opportunistic and is established after tumour development
[bacteria after tumour]. In either concept, nevertheless, it is the metagenomic and
transcriptomic events which occur in the oral microbiome, that influence the change

in oral cells and in conjunction with the host cell and immune response, these all have



the final say in OSCC development. Furthermore, it is highly likely that a combination

of both these theories occurs throughout OSCC progression.

Figure 2:

Bacteria before tumour theory

Bacteria instigate epithelial cell damage and
compromise barrier permeability. Cell signalling
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2: The possible connections between bacteria and development of oral squamous cell

carcinoma

In the bacteria after tumour theory, there are many factors that facilitate the attraction

of bacteria to a tumour, including the irregular geographical anatomy and increased

vasculature of a cancerous lesion, the hypoxic nature of the tumour environment that

particularly favours facultative or obligate anaerobic, saccharolytic and acid-tolerant

bacterial genera, the reduced host immunity at the tumour site, the presence of purines

in the necrotic centre of the tumour, which can serve as nutrients for bacterial growth

and cancer cell chemoattraction, as well as adhesion [through cell membrane

glycoconjugates] to bacteria [42]. Some of the commonest Phyla associated with the

OSCC environment include Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria,

and Proteobacteria [43].
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These arriving bacteria then reciprocate a synergistic relationship at the cancer site,
indirectly promoting the disadvantage of tumour growth and progression, similar to
the red complex associated with periodontal disease [44,45]. Oribacterium for
example, are known to produce acetate as a metabolic by-product, a substrate that is

quickly utilised by hypoxic growing OSCC tumours [46].

In the bacteria before tumour theory, the oral mucosa can release numerous
inflammatory mediators in response to pathogen-associated molecular patterns of
bacteria that include lipopolysaccharides, polysaccharides, peptidoglycans, flagella
and microbial DNA and RNA. These activate the host pattern recognition receptor
molecules that include toll-like, lectin, nod-like and retinoic acid-inducible gene I-like
receptors. Toll-like receptors [TLR] are the most prominent pathogen recognition
receptors and can be classified as cell surface or intracellular forms. The cell surface
types include TLR4 and TLR5, which recognise bacterial lipopolysaccharides of
Gram-negative bacteria and bacterial flagellin, respectively, while intracellular TLRs
generally recognise bacterial nucleic acids [47].

The activation of TLRs by bacteria predominantly triggers the MyD88 pathway, which
culminates in the activation of the transcription factor; nuclear factor of kappa beta
[NF-kpB] and mitogen-activated protein kinase pathways [MAPK], responsible for the
many proinflammatory pathways that sustain chronic inflammation [48]. Ultimately,
this can eventually progress to haphazard oral cell proliferation and cytoskeletal
abnormalities, as well as the inhibition of apoptosis of mutated cells that occurs via
the modulation of the Bcl-2 family of proteins and the inactivation of retinoblastoma
protein [pRb] as well as the activation of transcription factors such as STAT3 and
NFAT [49].

Lipopolysaccharides [endotoxin forms of pathogen-associated molecular patterns in
Gram-negative bacteria] also promote the release of IL-1, stimulating several pro-
inflammatory cytokines such as IL-6 and TNF alpha, as well as vascular endothelial
growth factor. The induction of matrix metalloproteinase [MMP] 9 through IL-1 can
degrade the basement membrane and allow for an invasive and aggressive picture of
OSCC [50]. The release of IL-6 further induces oxidative stress and can aid the

adherence of cancer cells to endothelial cells by the upregulation of intracellular
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adhesion molecules. IL-6 also allows for the transcription of many anti-apoptotic gene
pathways [37]. Bacteriocins and other proteins such as proteases [which can act like
exotoxins] can stimulate host cells to release collagenases, prostaglandins and
thromboxane, which further sustain mucosal damage, as well as degrading the immune
products of the oral cell, or illicit the release of transforming growth factor B, which

can cause abnormal proliferation in cells [51].

TNF alpha primarily exerts its effects through the NF-k B pathway [52], observed to
be upregulated in OSCC [53], and is a key pathway in bacterial-associated
inflammation. Chronic levels of TNF alpha production have been shown to promote
DNA damage by reactive oxygen species [ROS], and support tumour growth through
angiogenesis [54]. ROS are involved in all stages of cancer development: initiation,
promotion and progression. Thus, the oral microbiome may be an important source for
unopposed oxidative stress in epithelial cells that may finally lead to unrepaired DNA
mutations, cell division of these abnormally mutated cells and their eventual

progression to metastasis [55].

Bacteria are also involved in the release of damaging metabolic end products such as
volatile sulphur compounds, organic acids, and aldehydes, as well as the release of
nitrosatable compounds. Acetaldehyde is a metabolic end product of many bacteria
and has the ability to exert DNA damage and cause excess proliferation of the
epithelium. Some of its producers include Streptococcus species [S. gordonii, S. mitis,
S. oralis, S. salivarius, S. sanguinis], Rothia species, Porphyromonas gingivalis and
other alcohol dehydrogenase-possessing organisms, including yeasts such as Candida
albicans [56]. Through nitrosation pathways, bacteria can catalyse nitrosatable
compounds to form N- nitroso compounds, which are associated with the development

of cancers. This activity can also occur by fungi [57].

Hydrogen peroxide is another metabolic product that can diffuse passively into the
epithelial cell, causing chromosome fragmentation and DNA damage such as double-
stranded breaks, base modifications and DNA crosslinking. Hydrogen peroxide can
also promote the release of oxidants that lead to post-translational modifications,
especially in the P53 gene, tumour suppressor gene [6,35]. Hydrogen peroxide may

also have oral cancer preventative pathways, and there is evidence in the existing
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literature to support the significantly higher expression of nucleotide binding domain-
like receptor protein 3 [NLRP3] inflammasomes in OSCC cells that is associated with
increased tumour sizes and lymph node metastasis [58], which oral bacterial hydrogen

peroxide can suppress [59].

Volatile sulphur compounds, predominantly hydrogen sulphide and methyl
mercaptan, are normally known to cause halitosis, and are produced by bacteria such
as Porphyromonas gingivalis, Prevotella intermedia and Fusobacterium nucleatum,
i.e., periodontal pathogens. These compounds have now been implicated in oxidative
stress and DNA damage in oral cells. Even low levels of hydrogen sulphide can inhibit
the enzyme superoxide dismutase, which is critical in preventing destructive ROS
build up in human cells, while methyl mercaptan has been implicated in collagen
breakdown, including type 4, and thus may have a role in OSCC invasion across the
basement membrane [60]. Host proteins may also be metabolised or fermented into
sulphides and nitrosamines by Firmicutes and Bacteroides, potentiating cell mutations
[35].

Premalignant Lesions, the Story before OSCC

There are various similarities and differences that exist in the microbiome
environment of potentially malignant lesions such as leukoplakia, submucous fibrosis
and lichen planus, as well as OSCC and other cancers. Lee et al. [2017], noted
significant variations in the salivary microbiome of those with OSCC and oral
premalignant lesions in the genera Bacillus, Enterococcus, Parvimonas,
Peptostreptococcus, and Slackia [61]. Indeed, an interesting species is Rothia
mucilaginosa, which was found to be abundant in leukoplakic lesions, but less so
within OSCC lesions, indicating a possible role in early OSCC establishment [62]. An
excellent producer but poor detoxifier of acetaldehyde, this species imparts significant
oxidative stress in oral keratinocytes [63]. This species has also been found to be
increased more so in those who use smokeless tobacco and may have a significant role

in OSCC development, particularly in those with a high alcohol consumption.

Other authors have contrarily noted similarities between the microbiome of oral
premalignant lesions and OSCC such as Cloacibacillus, Gemmiger, Oscillospira, and
Roseburia, which were found to be abundant in both oral premalignant lesions and

OSCC patients compared to controls [61], while similar microbial patterns have been
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observed between leukoplakic lesions and colorectal cancer, which include the

abundance of Fusobacterium, Campylobacter, Leptotrichia, and Rothia species [64].

Taking lichen planus as an example, in a study by Choi et al. [2016], the genera
Leptotrichia and Acinetobacter were increased amongst lichen planus cases, while
Streptococcus was significantly decreased compared to controls. Notably, bacteria
were found to be significantly more abundant in the basal layer and deeper lamina
propria tissues of patients with oral lichen planus compared to controls, suggesting a
bacterial causation in the liquefaction process associated with lichen planus histology.
The rare finding of the intracellular bacterial infection of T cells was also noted and
may explain the unique T cell infiltration that defines oral lichen planus [65] and

provide a bacterial cause for why some lesions progress to OSCC.

Pro-tumoral Bacterial Strains

Particular genera from the oral cavity that have been implicated in colorectal cancer
development include Fusobacterium, Peptostreptococcus, Porphyromonas and
Parvimonas [66]; thus, it is highly likely that such bacteria also have a role to play in
the pathogenesis of OSCC. Examples of OSCC-associated genera include
Actinobacillus, Actinomyces, Aggregatibacter, Bacillus, Campylobacter, Catonella,
Citrobacter, Clostridium, Dialister, Eikenella, Enterococcus, Exiguobacterium,
Filifactor, Fusobacterium, Gemella, Haemophilus, Klebsiella, Lactobacillus,
Micrococcus, Moraxella, Oribacterium, Parvimonas, Peptostreptococcus,
Porphyromonas, Propionibacterium, Proteus, Pseudomonas, Rothia, Slackia,
Staphylococcus, Streptococcus, Streptomyces and Tannerella [33,61,67-73].

In a study by Sakamoto et al. [1999], the bacterial translocation of members of the oral
microbiome, in particular Peptostreptococcus, occurred from OSCC metastatic
tumours to the cervical lymph nodes. This suggests that the oral microbiome may be
directly implicated in the invading front [74] and may even be involved in metastatic
events. The species Peptostreptococcus stomatis has been isolated from both OSCC
and colorectal cancer and is thought to contribute to the invasive tumour environment

by the production of several acids such as acetic, butyric, and isovaleric acid [37].

A panel of bacterial species have been isolated from OSCC and include
Aggregatibacter segnis, Capnocytophaga gingivalis, Eubacterium saburreum

Exiguobacterium oxidotolerans, Fusobacterium periodonticum, Fusobacterium
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nucleatum, Gemella haemolysans and morbillorum, Johnsonella ignava, Leptotrichia
buccalis, Neisseria flava, Neisseria flavascens, Peptostreptococcus stomatis,
Porphyromonas gingivalis, Prevotella oris and melaninogenica, Pseudomonas
aeruginosa, Staphylococcus aureus, Streptococcus gordonii, parasanguinis and
salivarius [43,49,67,70,75,76]. Rare species to inhabit the oral cavity, such as
Bacteroides fragilis [77], previously unnamed bacteria such as Actinomyces
[oraltaxon_170] and Streptococcus [oral taxon 058] [70,78] and the environmental
species Dietzia psychralcaliphila and Gordonia sputi, have all also been identified
from OSCC samples [68]. Some of these species have been researched in more detail,
such as Fusobacterium nucleatum and Porphyromonas gingivalis, which will be
discussed in more detail; however, most have not been pondered in relation to both
their singleton and polymicrobial roles in the OSCC-associated microbiome.

Pseudomonas aeruginosa is a rare species to be isolated from OSCC but has been
implicated in carcinogenesis due to its ability to cause DNA breakage in epithelial
cells [79] as well as having the ability to promote invasion and metastatic change. The
bacterium promotes inflammation via its flagella, lipopolysaccharides, and
Exoenzyme [ExoU] cytotoxin, which can activate the NF-kB pathway and cause IL-8

secretion [80].

Perhaps the most “award winning” species that have been associated with OSCC
development are the Gram-negative, anaerobic and invasive bacteria Fusobacterium
nucleatum and Porphyromonas gingivalis, both of which have been shown to induce
OSCC in a mouse model [81]. These two species have also been to date, robustly
linked with gastrointestinal cancers [82,83]. Although Fusobacterium nucleatum is
also related to healthy sites of the oral cavity, it has major roles to play in several oral
diseases that include chronic and aggressive periodontal disease and endodontic
infections, as well as more recently being implicated in OSCC development [84].
Fusobacterium nucleatum has been associated with high-grade dysplasia, lymph node
metastasis and poor cancer progression [85,86]. The Fusobacterium nucleatum
subspecies polymorphum was found to be significantly increased in 20 OSCC biopsies
in a study by EIHebshi et al. [2017] [79].

Fusobacterium nucleatum can induce the expression of § defensin 2 [an antimicrobial

peptide] from oral epithelial cells, which causes the release of potent pro-inflammatory
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cytokines such as IL-6 and IL-8 [85,87]. Increased 3 defensin 2 has been implicated
in the pathogenesis of the potentially malignant disorder oral lichen planus, as well as
OSCC of the tongue [88]. Through B defensin 2, mast cell degranulation also occurs,
causing histamine release that further stimulates p defensin production; thus, a
perpetuating cycle of chronic inflammation is allowed to continue and become
established with the release of proinflammatory cytokines, the recruitment of immune

cells and progressive angiogenesis [88].

An adhesin of Fusobacterium nucleatum, FadA, can bind to E-cadherin on epithelial
cells, deactivating it to promote mucosal permeability. In turn, free intracellular
catenin allows for increased transcription of Wnt, a transcription factor involved in
increased cell proliferation. Fusobacterial proteins such as Fap 2 can block and
downgrade natural killer and T cell activity by the binding of Fap 2 with the inhibitory
T cell immunoreceptor [28]. Increased activity of MMP9 and MMP13 also occurs,
which allows for tumour invasion and metastasis by the degradation of the basement
membrane [89].

Fusobacterium nucleatum has been associated with a subtype of colorectal cancer that
exhibits molecular gene silencing by CpG island methylation. In OSCC lesions with
CpG island methylation, over expression of the immune checkpoint receptor
programmed death-ligand 1 [PD-1] has also been shown and thus these tumours may
be more sensitive to immune checkpoint blockade [90]. Whether OSCC lesions
associated with Fusobacterium nucleatum abundance have a better prognosis if treated

with drugs such as Pembrolizumab requires further research.

Porphyromonas gingivalis, on the other hand, has been identified as an independent
and significant risk factor in cancer-related deaths in the oral cavity and throughout
the remaining oral digestive tract, pharynx, oesophagus, stomach, pancreas, liver, and
colon and rectum [91]. Higher levels of antibodies against Porphyromonas gingivalis
infection have been associated with a much higher increased risk of pancreatic cancer
[92]. Porphyromonas gingivalis has been isolated from non-periodontal disease
locations such as the deep crypts of the tongue and the buccal mucosa and is becoming
more and more entrenched in its unique and somewhat hidden role in OSCC
development [93]. Katz et al. [2011], isolated Porphyromonas gingivalis at both
higher and more intense levels from OSCC samples as well as from poorly
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differentiated OSCC cells; however, further research is required to understand if this
bacterium has a specific and common role in the differentiation of OSCC tumours
[69]. Porphyromonas gingivalis imparts much interference on the host response to oral
cancer. The bacterium can activate and complement TLR 2 and 4 and causes the
release of pro-inflammatory cytokines such as IL-8. Porphyromonas gingivalis works
intracellularly to prevent cell apoptosis through the inhibition of cytochrome C,
downregulation of caspase 3 activity, secretion of the anti—apoptotic enzyme
nucleoside diphosphate kinase that causes the inhibition of the purinoreceptors [P2X]
on epithelial cells and the upregulation of microRNA 203, with the subsequent result
of apoptosis quelling [94,95] while also upregulating the anti-apoptotic genes Bcl-2
and survivin [28,96,97]. In a study by Geng et al. [2010], Porphyromonas gingivalis
was found to be associated with the upregulation of colon cancer-associated transcript
1, a long, non-coding RNA that has been found to be upregulated in several cancers
and has also been described in oral epithelial cells, as well as in the upregulation of
the enzyme production; nicotinamide N methyltransferase, which has been associated
with malignancy and cancer stem cells, and was also detected in OSCC patients [93].
Gingipains of Porphyromonas gingivalis can cleave and activate MMP9 to its mature

form, which can degrade the basement membrane, aiding OSCC metastasis [98].

Furthermore, Porphyromonas gingivalis can help OSCC cells to bypass the immune
system by activating PD-L1 to bind to its receptor, PD-1, mediating profound T cell
inhibition [99], and can induce the expression of the B7-H1 and B7-DC receptors in
OSCC cells that leads to the apoptosis of activated T cells [100]. Porphyromonas
gingivalis has been shown to induce epithelial to mesenchymal transition and can
accelerate the cell cycle by affecting the p53, PI3K and cyclin pathways [101],
primarily through its FimA adhesin molecule [102]. The bacterium also downgrades
the activity of plakophilin, a key molecule in stabilising epithelial cells, and thus can
promote metastatic change [93]. The bacterium is also one of the major producers of
the carcinogen acetaldehyde and has a role to play in promoting autophagy of cancer

cells, promoting chemotherapeutic resistance [103].

Thus, these two species, Fusobacterium nucleatum and Porphyromonas gingivalis,
both have considerable virulence characteristics that allow them to be significantly

involved in OSCC progression. They also act in a synergistic fashion, whereby
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metabolic end products of Fusobacterium nucleatum help promote the growth and the

pathogenic potential of Porphyromonas gingivalis [104,105].

Furthermore, an important concept in the relationship between the microbiome and
OSCC is that of “bacterial trending”, portrayed by Mukherjee et al. [2017]. Here, it is
suggested that there are multiple different combinations of genera that exist in parallel,
but may contribute to the same phenotypical outcome, that is, OSCC development. An
example of these are the high Rothia and low Fusobacterium and high Eikenella and
high Fusobacterium combinations [72]. This indicates that the oncobiomic
communities of OSCC are quite dynamic and maybe even interchangeable, as well as
being much more individualistic from person to person. Indeed, both intra- and
interkingdom connectivity [bacterial-bacterial/ fungal-fungal and bacterial-fungal
relationships] may be vital in the better understanding of OSCC pathogenesis. Such
examples include the synergistic and mutualistic relationship between Candida
albicans and Streptococcus species, the cross feeding between Streptococcus gordonii
and Fusobacterium nucleatum [106] and the required presence of the latter bacteria in

the survival of Porphyromonas gingivalis, as has been previously highlighted.

Protective Bacterial Strains against OSCC Development and Progression

Leptotrichia, Neisseria, Streptococcus mitis, and Haemophilus parainfluenza have
been shown by several authors to be absent or less abundant in OSCC sites [71,79].
The presence of Corynebacterium and Kingella in one study was associated with a
decreased risk of developing HNC; their presence was suggested to be cancer
protective due to their ability to metabolise various toxic compounds by xenobiotic
biodegradation. Other members of the oral microbiome that have been associated with
a reduced risk of OSCC development include Neisseria sicca, Parvimonas micra and
Streptococcus anginosus [78,107] Indeed, Streptococcus anginosis has been

associated much more with oesophageal cancer rather than oral cancer [108].

Lactic Acid Bacteria, the Controversial Order

Lactic acid bacteria are a controversial issue in both pro- and anti-cancer progression
arguments. These bacteria, commonly used in probiotic therapy, have shown success
in the management of several disorders that include diarrhoea, allergy to foods,
inflammatory diseases and, recently, cancers such as colorectal cancer [109]. Lactic

acid bacteria have been shown to harbour anti-cancer growth properties, by promoting
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apoptosis, exhibit anti-oxidative protection to cells, increase immune cell numbers and
improve tumour suppression gene expressions [109]. Lactic acid bacteria can help
eliminate the damaging effects of substances in the body, as well as being capable of
the promotion and regulation of both innate and adaptive immune responses in the
prevention of tumorigenesis. Such examples include Lactobacillus rhamnosus GG, a
strain thought to have the ability to lower the chronic inflammation that is linked with

cancer development [110].

In the oral cavity, Lactobacillus species can inhibit the binding of other bacteria to
epithelial cells or even arrest both bacterial and fungal growth [36]. They also have a
role to play in improving the efficacy of drugs. The bacterial strain Lactobacillus
fermentum has been shown to exhibit anti-inflammatory effects against oral cancer
and may also work to modify or improve specific treatments against OSCC such as
the TLR-9 agonists CpG oligodeoxynucleotides [111]. The addition of Lactobacillus
fermentum-CQPCO08 in a mouse with cancer of the tongue was found to increase serum
G-CSF, GM -CSF, 1gG and IgM, IL-4, IL-12, TNF-alpha, and IFN-gamma, as well as
improving local tissue antioxidants and decreasing malondialdehyde—a damaging
lipid peroxidation product—while better macrophage phagocytic ability was also
observed [112]. In another study, Lactobacillus plantarum was found to induce
apoptosis of oral cancer cells by the upregulation of PTEN and MAPK signalling and

was thus proposed as a potential probiotic adjuvant in OSCC treatment [113].

On the other hand, lactic acid production by Lactobacillus, Lactococcus, Leuconostoc,
Pediococcus, Streptococcus and Peptostreptococcus has been implicated in OSCC
development [51]. Other acids produced by these bacteria include acetic, butyric,
isobutyric, isovaleric, and isocaproic acids, which all reduce the environmental pH of
an OSCC, contributing to cancer growth and spread. Furthermore, lactic acid itself can
enhance gene transcription and DNA repair by the blocking of histone deacetylases
[36]. Lactobacillus, in one study, was found to be increasingly abundant, relative to
the increasing TNM staging of cancer patients [33,114]. Table 1 summarises both the
possible protective and harmful roles associated with protumoral and protective
bacterial strains in OSCC pathogenesis and progression.
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Table 1: Summary of possible associations of harmful and protective bacterial genera and strains and their association with OSCC development and progression

Type of bacteria Genera/Strains

Possible associated roles in OSCC development and/or

progression

Actinobacillus

Can upregulate the production of CCL20 in oral cancer cell lines
[139]

Aggregatibacter

Expression of proinflammatory cytokines [140]

Harmful associated [pro-
) Capnocytophaga
tumoural strains]

May stimulate chronic inflammatory processes

bacteria

Citrobacter

In murine models, strains of Citrobacter induce mucosal hyperplasia

and inflammation [141]
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Clostridia

Clostridial spores have been shown to have an affinity for hypoxic
regions of solid tumours and may be factors in OSCC development

Clostridial strains have however been used in cancer therapy [142]

Cutibacterium [Propionibacterium]

Induction of pro-inflammatory cytokines [IL-6 and IL-8]. Strains

have been associated with prostate cancer [143]

Enterococcus

Extracellular superoxide may produce genomic instability [144]
Enterococcus strains associated with chronic inflammation and

development of other cancers [145]

Eubacterium saburreum

Periodate-resistant antigen [PS L13] [146] may elicit immune

reactions

Exiguobacterium oxidotolerans

High catalase activity may protect cancer cells [147]
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Stimulation of pro-inflammatory cytokines [IL-6, IL-8]
FadA adhesin of Fusobacterium nucleatum can increase
_ transcription of Wnt, causing increased cell proliferation
Fusobacterium ) o
Fap 2 reduces immune cell activity
Increases matrix metalloproteinase activity, leading to degradation

of basement membrane

Associated with upregulation of interleukins [IL-23A] in cancer
[148]

Gemella

Johnsonella ignava May stimulate chronic inflammatory processes

o _ Contains a potent phenol-soluble lipopolysaccharide endotoxin that
Leptotrichia buccalis ) _ i
can stimulate inflammation [149]

20


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7662318/#B148-ijms-21-08061
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7662318/#B149-ijms-21-08061

Oribacterium

Production of acetate as a metabolic by-product, a substrate quickly
utilised by hypoxic growing OSCC tumours

Parvimonas

Associated with development of colorectal cancers [150]

Peptostreptococcus stomatis

Has been associated with invading OSCC front

Porphyromonas gingivalis

Activation of complement system
Pro-inflammatory cytokine release
Prevents cell apoptosis [inhibition of cytochrome C, reduced caspase
3 activity and secretion of nucleoside diphosphate kinase]
Further prevents apoptosis by upregulating anti-apoptotic genes
BCL2 and surviving
Upregulation of colon cancer-associated transcript 1
Increased enzyme production—nicotinamide N methyltransferase
Gingipains activate matrix metalloproteinases

Bacteria is a potent PD-1/PD- L1 activator, mediating immune
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bypass
Induction of epithelial to mesenchymal transition
FIMA adhesin molecule of bacteria affects cell cycle and alters
tumour suppressor gene expression

Acetaldehyde producer

Prevotella

Increased
Activation of TLR 2 and promotion of T helper type 17 cells and
associated mucosal inflammation
Potent activators of pro-inflammatory mediators IL-6 and IL-8 as
well as TNF-gamma [151]

Pseudomonas aeruginosa

Chronic inflammatory stimulation
DNA cell damage
May promote metastasis

Rothia

Potent acetaldehyde producers
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Staphylococcus aureus

Staphylococcal a-toxin can activate pro-inflammatory cytokines and
activate NK-kpB

This bacterium has been found to be in increased abundance in
squamous cell carcinoma of the skin [associated with actinic
keratosis] [152]

Streptococcus gordonii,

parasanguinis and salivarius

Streptococcal strains can produce acetaldehyde and show alcohol

dehydrogenase enzyme activity [153]

Tannerella [forsythia]

Induces pro-inflammatory cytokine production
Cysteine-like proteases may arrest cell cycle in G2 phase [154]

Type of bacteria Genera/Strains

Role in OSCC prevention and/or cessation
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Protective bacteria

Streptococcus mitis

Their presence is very important in the prevention of colonisation of

more virulent micro-organisms [155]

Streptococcus gordonii

May have protective role, such that epithelial cells do not respond to
Porphyromonas gingivalis-induced epithelial cell proliferation
stimulation [156]

Streptomyces

Some species have been shown to inhibit cell growth [157],

including apoptosis of cancer cell lines [158]

Neisseria

Can break down toxins of tobacco

Corynebacterium and Kingella

Can metabolise various toxic compounds by xenobiotic

biodegradation
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Naturally inhabits the dorsum of the tongue and thus may have more

Veillonella ) o )
protective properties in this region [159]

Lactic acid bacteria have both protumoral and protective. Protumoral factors include lactic acid production that reduced the pH of the cancer
environment, potentiating spread. Enhanced gene transcription alters DNA repair by the blocking of histone deacetylases. The protective factors
of these bacteria include the binding and degrading of carcinogens, the production of anti-carcinogenic compounds [160], promotion of apoptosis
[enhances MAPK activity], providing anti-oxidative [against ROS] protection to cells, increased immune cell numbers [T cells] and the induction

of cytokines [INF-gamma, TNF-alpha], and improved tumour suppression gene expression [109].
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Microbiome as a Potential Diagnostic Tool

The use of the microbiome as a diagnostic tool may be an important, non-invasive
opportunity in the diagnosis of preclinical or early OSCC. Mager et al. [2005],
described the species Capnocytophaga gingivalis, Prevotella melaninogenica and
Streptococcus mitis as significantly elevated in the saliva of patients with OSCC with
a diagnostic sensitivity and specificity of 80% and 82%, respectively [76]. In a study
by Yang et al. [2018], an increased abundance of Fusobacteria was found in
association with cancer staging, whereby those with Stage 1 and 4 OSCC had 4.35%
and 7.92% abundances of this phylum, respectively. Of note in this study was the
further decreased abundance of Fusobacteria amongst non-OSCC patients [2.98%]
[30]. Thus, whether analysis of Fusobacteria levels in patients who are at risk of
developing OSCC is a useful futuristic and non-invasive diagnostic tool may be of
questionable interest. Indeed, the OSCC-associated microbiome may even be accurate
enough to differentiate between OSCC and neighbouring cancers. The genera of
Actinomyces, Parvimonas, Selenomonas and Prevotella were found to be in higher

abundance in OSCC patients compared to oropharyngeal cancer patients [73].

Effects of Smoking, Smokeless Tobacco and Alcohol on the Oral Microbiome

The oral microbiome is affected by habits such as smoking, smokeless tobacco use
and alcohol intake that can modify the oral mucosal ecological niche, allowing for
modifications that may predispose a person to OSCC. Smoking is thought to shift the
oral microbiome to a more “pathogenic rich” environment with enhanced pro-
inflammatory virulence promotion [115]. Furthermore, commensal bacteria such as
Neisseria, in particular, seem to be lost amongst smokers [114,116], while an
abundance of Fusobacteria, Mogibacterium and Tannerella occurs [117]. Whether
Neisseria has a protective effect on the oral mucosa requires further investigation;
however, the loss of the proteobacteria Neisseria and Haemophilus is also a pattern
amongst gastric cancer patients [118]. Nicotine has been shown to promote bacterial
adherence to the oral mucosa [119], while the metabolite of nicotine, cotinine, can
significantly increase epithelial cell invasion by Porphyromonas gingivalis [120].
Smoking has also been shown to reduce the host response to Porphyromonas
gingivalis [121] and it is thought that the local immunosuppression caused by smoking

can be one cause of a more novel and pathogenic microbiome picture [122].
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Furthermore, bacteria play an important role in the increased activation of
nitrosamines from different tobacco forms, including smokeless tobacco [123].
Indeed, smokeless tobacco products, in a study by Liu et al. [2016], were shown to
promote OSCC-associated genera such as Eubacterium, Streptococcus and
Peptostreptococcus, while tobacco-specific nitrosamines reduced commensal species
such as Veillonella. Interestingly, in the same study, smokeless tobacco was found to

limit the growth of Fusobacterium nucleatum, as well as Eikenella corrodens [124].

Meanwhile, the effects of alcohol consumption [> 1 unit per week], are also quite
significant on the microbiome, with the enrichment of OSCC-associated bacteria such
as Campylobacter species [64]. In another study, those whose alcohol intake was > 40
g/day, were shown to have significantly increased salivary acetaldehyde production
while in combination with smoking, an alcohol consumption<30 g/day [females] and
<40 g/day for males, increased salivary acetaldehyde by 100% [125]. Interestingly,
while Neisseria are generally regarded as commensal organisms and are associated
with an anti-OSCC picture, the genus is still involved in the significant production of
acetaldehyde from ethanol. Neisseria genera were found to be increased amongst
alcohol drinkers, suggesting that, among alcohol users, they can turn into commensal
pathogens. Furthermore, both oral and gut Lactobacillus has been found to be
decreased amongst heavy alcohol drinkers [>1-2 drinks/day] and amongst those who
both smoke and drink. Lactobacillus can break down acetaldehyde and thus alcohol is
directly implicated in the disruption of the microbiome, potentiating acetaldehyde-

associated carcinogenesis [123,126].

Oral Mycoplasma

In a study by Henrich et al. [2014], It was found that Mycoplasma salivarium
colonisation was significantly related to the surface of tongue OSCC in a patient with
immunosuppressive disease [127]. Mycoplasma have been associated with the
inhibition of the P53 tumour suppressor gene and the activation of the NF-kp pathway
[128] in rodents. Interestingly, Mycoplasma salivarium has been detected by
immunohistochemistry from epithelial cells of leukoplakic lesions [129] undergoing
hyperplastic changes. Whether oral mycoplasma play a role in acting as
immunomodulators in targeted persons, particularly those with immunosuppressive

states, aiding OSCC progression, is yet to be investigated further.
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Oral Archaea

Both methanogenic and non-methanogenic archaic forms have been isolated from the
oral cavity. Archaea have been isolated from disease locations such as chronic and
aggressive periodontal disease, apical periodontitis, recalcitrant chronic rhinosinusitis
and peri-implantitis [130,131]. They can illicit both an IgG humoral immune response
[132-135] as well as proinflammatory cytokine reactions that include TNF alpha and
IL-1 [20], and thus may be a hidden cause of chronic inflammation in the oral cavity.
Importantly, through interspecies hydrogen transfer, a harmonious syntrophic
environment develops between archaea and many bacteria, including pathogenic
periodontal forms and fermenting bacteria, such that the presence of oral archaea can
indirectly support the growth of bacteria that may be involved in the pathogenesis of
OSCC [136]. Furthermore, methanogenic archaea are also known to be capable of
methylating heavy metals to volatile forms that are toxic to human cells [137], as well
as the possibility that the carcinogen formaldehyde can be produced from methane.
Increases in methanogenic archaea have been associated with colorectal cancer [138];
however, no literature exists with OSCC; thus, this is an important area for future

research.

Oral Mycobiome

The physical [adhesion and exclusion] and chemical [metabolic dependency and
qguorum-sensing] relationships between the mycobiome and bacteriome in the oral
cavity are essential to maintain oral health. One of the limitations so far in microbiome
research studies associated with OSCC is the continuous exclusion of fungal dynamics
[31].

Similar to the bacterial microbiome, the richness and diversity of fungal species have
been found to be significantly reduced amongst OSCC [161]. The absence of certain
members of the oral mycobiome has been associated with HNC. Malassezia has been
found to be increased in healthy individuals compared to cancer patients [162], with
its presence found to be negatively correlated with Candidal presence [163], while, in
a study by Shay et al. [2020], Schizophyllum was enriched in the samples who did not
have HNC. This genus is thought to produce schizophylan, a polysaccharide
compound with anti-cancer properties; thus, its absence in HNC patients may reflect
the loss of its protective role [164]. In another study, the presence of Emericella was

shown to be decreased in tongue cancer tissue compared to normal tissue. In colon
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cancer cells, Emericella is thought to increase p53 tumour suppressor expression and
thus its absence in OSCC lesions of the tongue may have a role in allowing cancer

development [72].

On the other hand, the fungal mycobiome has been implicated in both premalignant
disorders and OSCC. Candida albicans, dubliniensis, tropicalis, pintolopesii, and
glabrata, as well as Saccharomyces cerevisiae, have been isolated from chronic
hyperplastic candidiasis, a premalignant lesion with a higher rate of severe dysplastic
transformation [165]. Thus, increased oral Candidal presence has been associated with
both oral epithelial dysplasia and its severity [166]. In a study by Perera et al. [2017],
the genera Candida, Hannaella, and Gibberella were increased amongst OSCC
lesions and Candida albicans, Candida etchellsii, and a fungus resembling Hannaella
luteola was the enriched species in OSCC [161]. Candida albicans is also thought to
impart a protective role at tumour sites for bacterial species such as Porphyromonas
gingivalis; the implications of this bacteria in OSCC development are described earlier
in this review [167]. Indeed, it is Candida albicans that has been the most extensively
studied with regard to its role in OSCC development and progression. This species can
colonise the epithelium by secreting aspartic proteases as well as stimulating epithelial
cell endocytosis, which ultimately leads to keratinocyte cell damage. Candida species
have been shown to produce N-nitrosobenzylmethylamine and acetaldehyde, both of
which are potent carcinogens [165]. Furthermore, Candidal proteinases have been
implicated in the degradation of the basement membrane protein laminin-332.
Interestingly, this has been found only to occur at acidic pH [168] and thus the acidic
nature of a tumour, promoted by certain bacteria, may play a synergistic role with

Candida species in enhancing this effect.

Viruses
Human Papilloma Virus, Epstein—Barr Virus and Herpes Simplex

While all these viruses are known to cause various different forms of oral disease, they
are generally not considered to play a role in OSCC development. The human
papilloma virus is not considered to play a role in OSCC pathogenesis, as it is with
oropharyngeal cancer, and is found in very low frequency amongst OSCC patients
[169,170]; however, the Epstein—Barr virus is controversial. Although present in
OSCC cells, this is thought to be due to normal clonal presence and continuous
shedding [171,172]; however, a recent meta-analysis concluded that Epstein—Barr
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virus infection is in fact statistically associated with an increased risk of OSCC and
that DNA regions such as Bam H1W, which is an oncogene, were detected in OSCC
tissue [173]. In a large study of 155 OSCC samples from eight different countries and
ethnicities, 55% of samples were positive for Epstein—Barr virus, while only 35% were
positive for the human papilloma virus, with double infection occurring in 21% of
samples [174]. However, there is still no clear evidence for a reproducible

aetiopathogenetic link between Epstein—Barr virus and OSCC development.

Herpes simplex

Herpes simplex 1 is another virus associated with oral infection, but with no known
association with OSCC development. However, antibody levels to herpes simplex
viruses have been found to be higher amongst OSCC patients when compared with
controls [175]. Interestingly, it has been shown that lactic acid bacteria and their
bacteriocins can act as antiviral agents, particularly to herpes simplex virus.
Lactobacillus species can prevent viral replication in host cells [176] and can suppress
herpes simplex virus type 2 by lactic acid production in the vagina [177] and, as such,
this may also be the case orally for herpes simplex type 1. Due to its toxicity to cancer
cells, some authors have utilised attenuated forms of the herpes simplex virus in the
treatment of OSCC, which was shown in mouse models to inhibit the growth of oral
cancer cells [178]. However, there are several limitations to this form of cancer
therapy—primarily the elimination of the virus from the cancer cells and the inhibition

of the virus by the immune system [179].

The Prodigy of HIV and All Players of the Microbiome

While some authors advocate a similar oral bacterial microbiome between human
immunodeficiency virus [HIV] patients and healthy individuals [180,181], others have
found considerably reduced microbial diversity amongst HIV-positive persons, with
increased abundance of the pathogenic genera Megasphaera, Campylobacter,
Veillonella and Prevotella, and decreased abundance of commensal forms such as
Lactobacillus and Streptococcus species [46,177]. Indeed, the gut microbiome in HIV
infection resembles many other proinflammatory conditions such as IBD of the gut
[182].

A pathogenic microbial shift is associated with high plasma HIV RNA levels

[Veillonella and Prevotella], while a commensal shift [Neisseria and Haemophilus
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species] is associated with antiretroviral therapy [46]. However, treatment of HIV still
does not restore the microbiome to better health and increased abundance of the
pathogenic Campylobacter, Capnocytophaga, Fusobacterium, Prevotella, and
Capnocytophaga genera are still observed [183]. Specific species associated with the
OSCC microbiome and its development have been particularly isolated from HIV
individuals and include Capnocytophaga [180], Prevotella melaninogenica and
Rothia mucilaginosa [46]. The latter species is very much associated with leukoplakic
lesions and the carcinogenic release of acetaldehyde [184] and thus it may have a role
to play in the high risk associated with developing oral premalignant lesions and
OSCC amongst HIV patients [185]. Interestingly, Porphyromonas gingivalis may be
able to induce HIV reactivation through butyric acid production [186], while also
mediating the epithelial cell entry of the virus [187], but whether this bacterium and
virus have a synergistic role to play in OSCC development in HIV positive patients is

a source for further investigation.

The mycobiome of those with HIV varied considerably compared to controls in a study
by Mukherjee et al. [2014] [180]. Interestingly, in this study, the fungus Pichia was
found only in non-HIV persons and was found to have considerable inhibitory
properties in the growth of Candida, Aspergillus and Fusarium [180]. This would
suggest that the oral candidiasis that often presents itself in HIVV-infected persons may
be, in part, due to the absence of the antagonistic role that Pichia plays in healthy

persons.

1.4 The Microbiome—Treatment Axis in OSCC

During OSCC treatment, both the oral and gut microbiome are affected by many
factors that include host diet, side effects of surgery and radiation, antibiotic
administration, as well as local implications such as the development of oral mucositis
and dry mouth [188]. A new concept in cancer treatment is pharmacomicrobiomics,
that is, how the gut microbiome interacts with drugs, affecting the success or failure
of a treatment. Through the use of probiotics, prebiotics and antibiotics, subsequent
interventions may be carried out to gear up the microbiome for a successful interaction
with a wide range of cancer therapies. Early stage OSCC is predominantly treated via

a surgery and radiation-based approach, while, where used, chemotherapy is often in
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the form of the platinum-based drug cisplatin, which is used to radiosensitise oral

cancer cells [189] or in more advanced case settings.

The oral microbiome has been shown to undergo significant changes during and after
radiotherapy for OSCC [190]; however, the use of intensely modulated radiotherapy
can help protect and stabilise the oral microbiome compared to conventional forms of
radiation [191]. The side effects of radiation for OSCC include the development of
mucositis, xerostomia, taste modification, dysphagia, osteoradionecrosis, and trismus
[192]. In radiation therapy, higher abundances of the cariogenic bacteria Streptococcus
mutans and Lactobacillus, as well as Staphylococcus, Enterococcus, and the fungus
Candida albicans, parallel to a reduced presence of the commensal microorganism
Neisseria [193,194], have been described. Indeed, Lactobacillus species may be
increased up to 6 months post-radiation, as xerostomia is thought to create a favourable

growth environment [195].

However, HNC patients who undergo radiation have been shown to have the distinct
trend of increased Candida albicans counts and Enterobacteriaceae as part of their
oral microbiome [196]. In comparison, the xerostomic microbiome of those with
Sjogren’s syndrome was associated with only increased numbers of Streptococcus
mutans [197]. Increased abundance of Enterococcus species in radiated patients may
be associated with a high percentage of antibiotic resistance and may further contribute
to infections of the oral cavity during OSCC treatment [198]. Enterococcus species
can also enhance microbial proteolytic activity on fibronectin, further promoting
mucosal damage and inflammation from radiation [104]. Radiation also has an
inhibitory role in antimicrobial proteins that would normally keep Candida growth in
check [162].

Soil genera such as Derxia and Luteococcus, the latter isolated from blood, have also
been sequenced from patients with HNC undergoing radiation [199]. Interestingly, a
significant decrease in abundance occurred post-radiation therapy for the OSCC-
associated species Prevotella melaninogenica in those with HNC [190]. With relation
to osteoradionecrosis, the most predominant species from affected mandibles were
Campylobacter gracilis, Fusobacterium nucleatum, Streptococcus intermedius,

Peptostreptococcus, and Prevotella species [200]. Actinomyces israelii has been
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significantly associated with the necrotic bone of this condition and is implicated in

the chronicity and purulent characteristics [201].

Cancer chemotherapy has a great impact on both the oral and gut microbiome. With
the former, this is thought to shift to more acid-tolerant bacteria, but still leading to a
relatively commensal [Lactobacillus and Streptococcus] picture. [202]. Napenas et al.
[2012], found a predominance of Gemella haemolysans and Streptococcus mitis
species amongst patients undergoing chemotherapy; however, the most common
genera identified from the oral microbiome during cancer chemotherapy include

Streptococcus, Staphylococcus, Klebsiella, and Enterobacter [203].

The gut microbiome has a vital impact on the response to cancer chemotherapeutics
and is involved by improving or compromising the efficacy of cancer drugs, as well
as mediating their toxic effects. The microbiome has also recently been thought to play
a role in chemotherapy-induced pain [204]. Locally, intra-tumour bacteria may also

modulate chemotherapeutic effects [205].

The combination of Lactobacillus species [Lactobacillus acidophilus] and cisplatin
was found to reduce tumour size and improve survival in a lung cancer mouse model
[206]. The microbiome may also help upregulate proapoptotic pathways that improve
the efficacy of cisplatin chemotherapy [207]. Other chemotherapeutic drugs used in
advanced OSCC may also be affected by the microbiome. Gemcitabine is a synthetic
pyrimidine antimetabolite that has efficacy in some cases of late stage OSCC [208].
Gammaproteobacteria have been shown to infer gemcitabine resistance, and thus co

administration with ciprofloxacin can improve efficacy of this drug [205].

Oral mucositis has been associated with a marked loss of commensal bacteria such as
Actinomyces, Streptococcus, Granulicatella, and Veillonella and an increased
abundance of pathogenic bacteria such as Enterobacteriaceae, Pseudomonas and
Staphylococcus species as well as Escherichia coli, Fusobacterium nucleatum, [in
particular, the presence of Fusobacterium nucleatum subspecies vincentii in more
severe mucositis], Clostridiales, Treponema denticola and maltophilum,

Porphyromonas gingivalis, Parvimonas micra and Prevotella oris [207,209,210].

Porphyromonas gingivalis, Candida glabrata, and Candida kefyr, in a study by Laheij
et al. [2012], were significantly associated with ulcerative oral mucositis [209].

Indeed, species diversity is found to differ between those who develop mild and severe

33



forms of mucositis [211]. Furthermore, shifts in the oral microbiome during
chemotherapy or radiotherapy may allow for the dominance of mucolytic bacteria,
particularly Streptococcus species that can degrade the protective mucous layer,
further predisposing patients to oral mucositis development. The selective inhibition
of Gram-negative bacteria, in a placebo-controlled double-blind randomised study by
Wijers et al. [2001], was found not to improve radiation-induced mucositis grade
[212,213].

Patients who develop the clinical disease of oral candidiasis during radiotherapy or
chemotherapy have been shown to harbour increased Candidal load, comprising of
Candida albicans and Candida dubliniensis predominantly, in combination with acid-
tolerant bacteria that include Lactobacillus salivarius, oris and crispatus and
Streptococcus species such as parasanguinis [162]. A synergistic relationship between
Candida albicans and several Streptococcus species has been suggested [214].
Streptococcus gordonii interacts with Candida albicans, for example, through its
adhesin receptor, improving hyphal development [215] and thus promoting candida
tissue invasion. Candida albicans remains the most pathogenic species associated with
radiotherapy [216].

Finally, in HNC, tumours are often regarded as “cold” or with reduced T cell
infiltration, in part due to immune checkpoints, providing cancer protection from the
immune system. Pembrolizumab and nivolumab are the commonest anti-PD-1
checkpoint inhibitors and are approved by the FDA for the treatment of patients with
recurrent or metastatic head and neck squamous cell carcinoma or those with cisplatin
resistance. [217,218]. However, there have been patients who respond well to anti PD-
1/L-1 therapy, while others seem to be resistant. Recent evidence now exists to suggest
that bacteria may have a potent effect on the successful ability of immune checkpoint
inhibitors, which also include the CTLA-4 immunotherapy-type drugs. The species
Akkermansia muciniphila is thought to promote better success with anti-PD-1 therapy
by causing the infiltration of CCR9+ CXCR3+ CD4+ T lymphocytes to tumour sites
as well as improving the immunosurveillance and preventing the immunosuppression
of the host [219,220]. Ruminococcaceae were found to be abundant in patients with
melanoma responsive to PD-1 therapy, and increased CD4+ and CD8+ T cells, while
better cytokine profiles against the melanoma were associated with higher abundances

of the Clostridiales order, the Ruminococcaceae family and the Faecalibacterium
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genus in those patients [221]. In another study, a combination of Bifidobacterium and
PD-L1 therapy was shown to have an almost complete abolishing effect on solid
tumours due to enhanced dendritic cell activity and CD8+ T cell presence in the
tumour field [222]. So important is the microbiome on the effect of anti-PD-1 therapy,
that a recent clinical trial involved implementing faecal transplantation from
responsive donors in anti-PD-1 therapy to recalcitrant cases and has shown promising
results in increasing CD8 T cell infiltrations [223] in tumours in patients that were
non-responsive to anti-PD1 therapy.

The effect of the CTLA-4 blockade is now shown to depend on distinct Bacteroides
species, while Firmicutes, in particular Faecalibacterium, were associated with an
improved clinical response to ipilimumab, by increasing CD8+ cell infiltration to
tumours; however, at the same time, this concurred with the increased presentation of
a more toxic side effect profile [224]. High levels of the short chain fatty acids butyrate
and propionate have also been associated with resistance to the CTLA-4 blockade
[225].

Conclusions

This review highlights the current science linking both the gut and oral microbiome to
OSCC aetiopathogenesis and management, but also serves to shed a light on the
limitations that exist in this field. Our understanding of the role of the gut and oral
microbiome on OSCC development and behaviour is still evolving but has grown
considerably in the last decade. However, it is still difficult to fully impart the true
mechanisms by which the oral microbiome may directly lead to OSCC development
[226]. Strong reproducible data have now emerged that fully link specific families,
genera and species to OSCC aetiopathogenesis; however, there is still room for studies
that are longitudinal and that employ increased participant numbers with similar
methodologies and less variables. It is imperative that researchers begin to undertake
such projects, examples of which have already been employed in other areas of cancer
research such as The Cancer Genome Atlas project and the International Genomic
Consortium, which provide robust current insights into molecular cancer associations
[227]. Longitudinal studies are critical in assessing dynamic and more accurate shifts
in the oral microbiome before, during and after OSCC development and can provide

key insights into the association of the microbiome with OSCC.
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2.1 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 chromatography [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 was increased in the pre-prepared form
while Corynebacterium casei, Atopococus 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 potential 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.
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Graphical abstract: Toombak smokeless tobacco, Sudan... The story from start to
finish

A: Scanning electron microscopy outlining bacterial contamination in ready to buy Toombak.
Firmicutes and Actinobacteria are the predominant phyla.

B: PCoA plot [pink = Khartoum North, blue = Omdurman] highlighting the significant
diversity of ready to buy Toombak which is C C: produced from the Nicotiana Rustica. Place
of purchase affects the final composition of Toombak.

C Toombak dip in the oral cavity in the lower mucolabial fold.

D: Development of an oral squamous cell carcinoma in the right, buccal and retromolar region
in a chronic Toombak user.
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2.2 Introduction

Smokeless tobacco refers to the use of unburnt or pyrolysis free tobacco, 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 utilised 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 [Thudc
lao] 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 by milling to non-homogenous particles.

Toombak production is finalised by the addition of alkaline carbonates, 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.
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Toombak is sold in polythene bags [Figure 1A], is a dark brown colour with a moist
coarse consistency and has a distinct pungent aroma [Figure 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
[Figures 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].

Figure 1:

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

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], [8], [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].
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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 Toombak, including its microbial-ecological niche and
how these findings may reflect on its final composition and users health.

2.3 Materials and methods

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 S12-S21 from
Omdurman located in the capital Khartoum, Sudan. These were 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.

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.

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
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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. [2014] [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 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

spectrometry data processing.

Levels of the heavy metals arsenic, cadmium, chromium, lead, mercury and nickel as
well as formaldehyde, acetaldehyde, and the tobacco specific nitrosamines [TSNAS]
in Toombak were compared with the GothiaTek standard for Swedish shus and
chewing tobacco production 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.

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.
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DNA extraction

Toombak samples and a positive and negative control, were subjected 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.

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 [ThermoFisher 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 [ThermoFisher 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].
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Bioinformatic analysis

The 300-base paired end FASTQ products generated from 16S rRNA sequencing were
merged using fast length adjustment of short reads [FLASH] 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 [64 bit] [16]. Alignment of
OTUs was performed using python nearest alignment space termination [PyNAST], 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 Information was then
accessed in order to assign species identity to those FASTA sequences with > 98 %
percentage homogeneity with BLASTn [19].

Metagenomic statistical analysis

Statistical analysis with graphical outputs was undertaken using Microbiome Analyst
R package. Data normalisation followed by compositional and functional profiling,
comparative analysis, and Phylogenetic Investigation of Communities by
Reconstruction of Unobserved 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 [o] diversity
was used to identify community profile and any significant variation in the
microbiome of Toombak. Beta [B] 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. DeSeq?2
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was also employed to assess differential abundance between the market groups using
shrinkage estimation for dispersion and fold change to improve estimates of
differential expression [22]. False detection rates [FDR] or g values were reported to
limit false positive results [23].

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; S01 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 wusing 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.

pH

pH was determined on all 21 samples by weighing equal parts of Toombak [3 g] at
room temperature and adding 3 mL dH20O 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 supernatants were then transferred to fresh bijou tubes and analysed using

a laboratory grade pH meter that was fully calibrated.

2.4 Results

Heavy metals

Arsenic, cadmium, lead, and mercury were at acceptable levels in the Toombak
samples. Nickel levels were at the upper range of acceptable 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
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[IARC] categorisation for heavy metal carcinogen classification is listed alongside the

GothiaTek standard or references from the literature [Table 1].

Metabolomics of Toombak

Using the volatile organic compound method; Benzaldehyde, benzyl alcohol,
phenylethyl alcohol, formaldehyde, acetaldehyde, propionaldehyde 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 Omdurman 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 European standards
[Table 2]. Formaldehyde ranged from 8—17 mg/kg in samples from Omdurman and
7—12 mg/kg from those found in Khartoum 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.
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Table 1: Heavy metal content in one pre-prepared and one ready to buy sample of Toombak.

Metals/ major

cations
Arsenic
Cadmium

Chromium

Cobalt

Iron

Copper

Lead
Mercury

Nickel

Limit of

reporting
0.10
0.04
0.20

0.05

0.10

0.05
0.003
0.20

Pre-prepared

sample [mg/kg]
0.12
0.34
1.86

0.99

1660

4.80

0.39
0.014
2.03

Ready to buy
sample [mg/kg]

<0.10

0.09
1.50

0.64

1270

2.73

0.35
0.004
1.36

75

GothiaTek standard
limits [mg/kg]

0.25
0.5
1.5

1.0
0.02
2.25

Other

reference

0.98 mg/kg
[25]

8-18 mg/d*
[26]

2-3 mg/d*
[27]

IARC carcinogen

classification
Group 1
Group 1

Group 1

Group 2B

Group 2B

Group 3

Group 2B
Group 2B

Group 1
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Table 2: Levels of formaldehyde and acetaldehyde in Toombak samples compared to GothiaTek standards.

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

(mg/kg)

Acetaldehyde 900 mg/kg 500-1300 mg/kg 600-1200 mg/kg 25 mg/kg

(mg/kg)
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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] [Figure 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].

Figure 2:
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2: Multivariate score plot: PCA model describing two dimensional LC/MS data of Toombak.
Data have been auto scaled. SO1 = pre-prepared Toombak, S02 — S11 = Khartoum North
samples and S12 —S21= Omdurman samples. Distinct variation between S01 and the ready to
buy samples in the plot suggests handmade preparation of Toombak greatly modifies the final

product. No major variation was found between the ready to buy groups.
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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 S08 from Khartoum North and Omdurman
samples S16, S17, S18, S19 and S21, while it was markedly elevated in Khartoum
North samples S03, S05 and S10 and Omdurman samples S13 and S20.

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 Omdurman; S14. Proline was found to be elevated in the pre-prepared form and
reduced in the remaining ready to buy samples. Hexose [Figure 3] was markedly
elevated in the pre-prepared form [SO1] but lower in all ready to buy samples while
pantothenic acid showed a similar pattern. Succinic acid was highest in the pre-

prepared form but was also elevated in the ready to buy samples.
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Figure 3:
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3: Bar graph. Hexose monosaccharide in Toombak samples was found to be significantly

elevated in the pre-preared sample S01, compared to the remaining 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 nicotine [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 Toombak. 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.
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Table 3: 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- S01 31 3.5 0.046 0.028 0.16 3660
prepared
Toombak
Khartoum Nicotine | NNK NAB NAT NNN
North S02 22 1.8 0.012 0.006 0.07 1870
Toombak | 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
S06 25 1.5 0.014 0.006 0.08 1580
S07 24 1.2 0.015 0.006 0.08 1280
S08 19 1.2 0.011 0.005 0.07 1270
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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
Omdurman | Sample | Nicotine | NNK NAB NAT NNN NNN + NNK converted from
Toombak mg/g to mg/kg in Toombak
samples
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
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 16-25 1.2-4.7 |0.010 — 0.040 | 0.005 - 0.014 | 0.06 —| 1260 — 4830
of mg/g mg/g mg/g mg/g 0.13 mg/g | mg/kg
compounds
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amongst

ready to
buy samples
LOD 0.01 0.02 0.003 0.002

0.002
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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 [Figure 4A].

Figure 4A:

Pre- prepared
Phyla Ready to buy Toombak Toombak

Khartoum North Omdurman

Relative Abundance

Firmicutes Actinobacteria Cyanobacteria Proteobacteria Halanaerobiaeota
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4A: 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.

The families Carnobacteriaceae and Corynebacteriaceae dominated in ready to buy
forms while Bacillaceae dominated in the pre-prepared Toombak [Figure
4B]. Meanwhile, figure 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%].

Figure 4B:
Pre- prepared
Ready to buy Toombak Toombak
Family
Khartoum North Omdurman
8
g
g
2
5
«
Carnobacteriaceae Micrococcaceae Gossypium_arboreum
Corynebacteriaceae Aerococcaceae Others
Bacillaceae Staphylococcaceae

Dermabacteraceae
Brevibacteriaceae

Halomonadaceae
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4B: 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.

Figure 4C:
Ready to buy Toombak Pre- prepared
Toombak
Genus
Khartoum North Omdurman "
1
g
o
-
.
2
@
s
&
Corynebacterium_1 Others Yaniella Aerococcus
Atopostipes Virgibacillus Staphylococcus
Not_Assigned
Atopococcus Oceanobacillus Alloiococcus

4C:  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

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 Corynebacterium_1 [13 %]. Other variations included Staphylococcus that
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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 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
[q=3.6314e-8].

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 diversity index [p = 0.25] [Figure 5].
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Figure 5:

204
- 1607

— u 5 *
= ) c c
& 170 o S 57
O A 150+ e-
5 o )
1K} b -
2 T g t 8
= 2 140- =
= 150+ - - 75
7 2 z
Iy 7 7
= O Q
= e = 1304 =
& S T 1%
%130- % £ 23

I < 120 1 <

T T T T 21 T T
& & & & & &
T < g < &7 o
& & & & & &

5: a diversity as measured by Chaol [p = 0.46], observed richness [p = 0.16], and Shannon diversity index [p = 0.25]. Non-significant a 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.
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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 [Figure 6].

Figure 6:

Axis.2 [11%]

0.2 0.1
Axis.1 [67.1%]

6: PCoA model highlighting B diversity of ready to buy Toombak in relation to place of
purchase at feature level [OTUs]. Pink=Khartoum_North, Blue=Omdurman. Predominant
inter-group microbiome variation of Toombak samples [dependant variable] due to location
of purchase [independent variable]. Samples from Khartoum-North exhibit intra-group
commonality compared to those from Omdurman. This variation is statistically significant
[<0.025]. R2= 0.61, thus 61% of the microbiome 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.

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
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casei, [98.89 % identity][q=1.6417e-5], Atopococcus tabaci [99.34 % identity]
[p=0.05], , Atopostipes suicloacalis [98.49 % identity], Oceanobacillus
chironomi [98.49 % identity], Staphylococcus gallinarum [99.35 % identity]
[p=0.01], Enteractinococcus  lamae [98.45 %  identity]  and Facklamia
tabacinasalis [99.35 % identity] were some of the most represented species amongst

the ready to buy Toombak samples.

Furthermore, the species Corynebacterium casei and the genus Lentibacillus were
highly correlated with Toombak samples from Khartoum North, with correlation
scores of 0.94 and 0.83, respectively. The species, 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. Figure 7 highlights the
most  enriched genera amongst Khartoum North  samples  which
included 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 [g = 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 gallinarum, Devosia
albogilva [99.77 % identity], Enteractinococcus lamae, Lysinibacillus telephonicus,
[99.35 % identity], Oceanobacillus chironomi, Saccharomonsospora viridis [99.33 %
identity], Glutamibacter mysorens [99% 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 [Figure 8].
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Figure 7:
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7: Pink=Khartoum-North, blue=Omdurman. 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 [g=0.002], Sinibacillus [q=0.028],
Terribacillus  [q=0.028], Brachybacterium [q=0.046], Enterococcus [q=0.032],
Glutamibacter [gq=0.025], Lysinibacillus [q=0.021], Saccharomonospora [q=0.025] and
Devosia [g=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 reflected the varied production techniques of
Toombak.
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Figure 8:
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8: DESeg2 was used to assess differentially abundant OTUs amongst Omdurman samples.
Pink =Khartoum-North, blue = Omdurman. DeSeg2 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.

PICRUSt assimilations were determined using the Kyoto Encyclopaedia 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 [Figure
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.
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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.

Figure 9:
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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 [KO02006], 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.

Microscopic analysis

At low magnification [35x], the large non-homogenous and irregular particles were
highlighted in the Toombak samples [Figures 10A and 10B] compared to a pasteurised

regulated European tobacco powder with a uniform structure [Figure 10C]. A ready to
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buy sample of Toombak at 4000x magnification yielded evidence of bacterial cocci

and rod contamination [Figure 10D].

Figure 10:

10A: pre-prepared Toombak before handmade preparation with large, wooden and leaf like
comonents at 35X magnification. 10B: 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]. 10C: evenly dispersed European snuff particles at 35X and 10D: ready
to buy Toombak with abundance of bacterial rods and cocci at 4000x magnification.

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 potassium 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 silicon

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 5.67 %]. Table 4 summarises the main elements in
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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 %].

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 Toombak Ready to buy Toombak Control

Weight 06 Min 04 Max 9o Min %4 Max % Min % Max %
Elements

Calcium 0.56 % 1.08 % 0.36 % 567 U 0987% 252%
Potassium 0,98 %4 317 % 0,40 % 223% 106% 211%
Aluminium 0.50% 2.03 % 0.55 % 071 % 0.14% 0.21%
Sodium 0.21 % 0.55 % 2,08 % 493% 113% 2327%
Magnesium 0,20 % 0,90 % 0.24 % 044 % 0.28% 072%
Silicon 0,57 % 1999 0.80 % 2,09 % 0.20% 0.74%

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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2.5Discussion

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 the 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, 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], [26], [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 condition Africa iron overload/Bantu siderosis.
Manifestations of this disease 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
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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 [30].

True bioavailability of heavy metals in Toombak or in any other smokeless tobacco,
can be difficult to accurately determine. Bioavailability 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.

Cadmium exposure in humans has been associated with respiratory, skeletal
[osteomalacia and osteoporosis], renal and cardiovascular disease. Precancerous
lesions, oral ulceration and progressive fibrosis of the oral tissues as well as liver
damage have been associated with copper exposure [33] while the development of
leukaemia, cancers of the bladder, kidney, and skin, neurological disturbances and
renal failure are associated with arsenic toxicity. Neurological and haemoglobin
synthesis disturbances can occur from mercury exposure. Users of Toombak are at

particular risk of neurotoxic effects due to starting the product at a young age [34].

A diverse range of metabolomic compounds were isolated from Toombak samples
with variations between the pre-prepared and ready to buy Toombak [Figure 2]. This
highlights that the different stages of Toombak processing and storage can create a
significant change to the final product. Formaldehyde, acetaldehyde and
propionaldehyde were all detected in the Toombak samples. Only two of the 21
Toombak samples were found to be below the recommended level set out by the
GothiaTek standards, acceptable for formaldehyde while acetaldehyde levels were 20—

52 times higher in all the Toombak samples [Table 2]. Aldehydes are mutagenic and
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carcinogenic and can be found naturally in smokeless tobacco or may be added. They
are formed by the incomplete degradation of tobacco leaves as well as being a
metabolic end-product of many microorganisms that are numerous in Toombak.
Formaldehyde is a group 1 IARC carcinogen while acetaldehyde is now classed as a
group 2B carcinogen. Formaldehyde has been associated with cancers of the
nasopharynx, nasal sinuses as well as the oral cavity, brain, pancreas and non-solid
cancers which include leukaemia, and multiple myeloma [35]. Acetaldehyde can
affect both the oesophageal and gut mucosa [36] while animal models have shown that
cardiovascular tissues are highly sensitive to aldehydes [37]. Aldehydes have also
been shown to cause direct DNA damage in the buccal cells of cigarette smokers [38]
and can activate the Jun/AP-1 pathway in oral keratinocytes leading to the
transcription of oncogenes [39].

It is unclear if aldehydes are added to Toombak as a preservative or a flavouring as is
done with some other forms of smokeless tobacco [40]. Most worryingly,
acetaldehyde in itself is potently addictive, and can act in synergy with nicotine to

increase the addictive potential of the latter [41].

Propionaldehyde was found in all Toombak samples. It is more likely introduced from
drinking water during its preparation but may also be added. It is used in the
manufacture of plastics and utilised as a disinfectant and preservative. In small
amounts [140 pg/day], both the FDA and WHO have approved propionaldehyde as a
synthetic flavouring, known to possess a fruity odour. Propionaldehyde has been
shown however to increase arterial blood pressure and heart rate by sympathomimetic
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
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are highly variable and range from 5.16 to 102.4 mg/g [44]. It is absorbed by passive
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, prevention of apoptosis of cancer cells and the promotion of

reactive oxygen species and oxidative damage to cells [48].

Mean levels of the individual TSNAs amongst ready to buy Toombak 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].
Concentrations 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 reported by Idris et al. [1991] [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 carcinogenic compounds produced when
nitrate is converted to nitrite by both aerobic and anaerobic metabolic routes that
involve nitrate or nitrite 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 accumulation occurs
during the post cultivation period of Toombak production, 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
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reduction of nitrate to nitrite, where the latter is originally 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-pyridyl]-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 of plant metabolism. Amino acids in Toombak accumulate in
parallel with the curing stage, where breakdown of tobacco proteins and hydrolysis 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 formation 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
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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 Maillard 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 producers, 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 fructose] was
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elevated only in the pre-prepared sample and was considerably reduced in all the ready
to buy Toombak samples [Figure 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 Toombak. Low sugar content may however, allow bacterial growth and
prevent 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 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 [Figures
4A, 4B and 4C].

The microbiome of Toombak has been previously reported by three authors [EIHebshi,
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
chungkukjangi 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 Corynebacterium 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
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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.
[2017] [85], while Staphylococcus gallinarum was the most abundant 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 [Figure 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 produce 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 hydrolytic and carbohydrate
fermentation properties [89], while Alkalibacterium 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 contribution of bacteria to the
potently elevated TSNA levels in Toombak are an important addition to the role of the

microbiome. Corynebacterium and Staphylococcaceae species are known to be
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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 B 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 [Figure 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 microbiome changes that may yet remain underestimated in the implications
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], [97], [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] [Figure 9]. Further analysis is required through whole genome sequencing and
may be an important area in the future to better understand 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
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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 [Figures 10A and 10B], compared to a
regulated European sample [Figure 10C] and provides visual evidence of bacterial
rods and cocci at high magnification [Figure 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 hazardous 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 development [7].
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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.

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

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 contaminants 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 production, prolonged storage, and the high
abundance of nitrate-reducing bacteria. TSNAs are among the major cancer-causing
agents in Toombak, 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, consisting of the two main
phyla Actinobacteria and Firmicutes. The most abundant genera within the ready to
buy Toombak were Corynebacterium_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
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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 tabacinasalis. a 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  diversity and DeSeq2 analysis. PICRUSt data
showed metagenomic 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 survival 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 harbours
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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2.1 Abstract
Background

Toombak is a smokeless tobacco produced and utilised in Sudan from Nicotiana
tobacco plant species and often utilised by males in the oral cavity. The final product
is a roughened dark brown non-homogenous tobacco with high pH and an abundance
of bacterial genera including but not limited to, Corynebacterium, Staphylococcus and
Atopostipes. The mycobiome or fungal composition of Toombak however has not

been previously explored.
Materials and methods

Sixteen samples of ready to buy Toombak were purchased from two geographical
locations in Sudan: Omdurman and Khartoum-North. Samples were analysed through
internal transcriber [ITS] gene sequencing. DNA extraction was followed by amplicon
sequencing and processing of reads by DADAZ2 in R. Fungal taxonomy was assigned

to resulting Amplicon Sequence Variants [ASVs].

Statistical analysis included fungal relative abundance, core microbiome detection,
species detection, Metagenomeseq [false detection rates], One-way Anova significant
variation analysis and LEfSe plotting utilising Microbiome Analyst.

Results

Toombak was found to be dominated in abundance by the phylum Ascomycota [86-
93%] and the genus Aspergillus [85.54%]. Aspergillus heterocaryoticus [43.27%] and
austwickii [39.48%] were the most prevalent species in Toombak. Khartoum-North
samples exhibited a higher alpha diversity with an increased number of positively
correlated genera from this location compared to Omdurman. One-way Anova further
distinguished Khartoum-North samples to be significantly increased in the genera
Aspergillus, Epicoccum, Alternaria and Thielavia. Samples from Omdurman showed
tobacco leaf inferiorities with blight associated Itersonilia perplexans and plant
pathogen Ramularia collo-cygni while Khartoum-North samples were positively

correlated with the phytotoxin producing genus, Macrophomina. Toombak from
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Khartoum-North was further positively correlated with Neotestudina, one of the

causative agents for the Sudanese endemic disease Eumycetoma.
Conclusion

Toombak has a rich mycobiome that is impacted by its open and unregulated processes
of production. The fungal mycobiota in Toombak can be a source of alteration for
normal mycobiome health and may relate to negative health consequences for long-
term users. Aspergillus abundance in Toombak likely disorganises the normal oral
microbiota flora and exposes users to a range of mycotoxins that may contribute to the
increased risk of oral cancer development while Toombak users may also be at an
increased risk of the development of fungal infections that include but are not limited

to head and neck Aspergillosis and Eumycetoma.

2.2 Introduction

The abundance of fungi amongst smokeless tobacco products is varied in the literature
with reports ranging from 1-30% [1, 2]. While several studies have been achieved on
the microbiome and its related bacterial composition, there remains an inherent lack
of current literature supporting the understanding of the fungal community in this form
of tobacco [3] [4]. Nevertheless, several studies have delineated that the mycobiome
of smokeless tobaccos from around the world [2, 5, 6] includes Aspergillus, Pichia,
Sterigmatomyces and Mortierella [7] [5] as well as Debaryomyces, Geotrichum,
Mucor, Sepedomium, Penicillium and Trichophyton [8]. The storing of smokeless
tobacco may further promote a differing fungal genera that includes enrichment with
Xeromyces and Rhodotorula [9]. The mycobiome of smokeless tobacco is further
impacted by high temperatures, humidity, long-term storage, lack of sunlight and

human and environmental contamination [10-12].

The mycobiome of smokeless tobacco likely plays an important role in the modulation
of the normal human-mycobiome relationship through genomic, metabolic and
proteomic processes that can have a substantial effect on host immune integrity [13]
[14]. Fungal associated elements in smokeless tobacco may include spores, cells wall
components such as flagella and toxins that can impact on local and systemic body
responses [15]. Fungi for example, are able to breakdown nicotine [albeit with less
efficacy than bacteria] [16, 17] playing a role in the sustainability of harmful

constituents in smokeless tobacco such as carcinogenic nitrosamines [18].
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Studies also increasingly report that fungi and their biological components are
associated with the development of chronic inflammation including oral squamous
cell carcinoma [OSCC] development [14, 15]. The mycobiome of smokeless tobaccos
likely is involved in the development of soft tissue damage and impinges on the fungal
community of the surrounding OSCC. It has been shown that there is a varied fungal
distribution surrounding OSCC tumours compared to normal oral tissue with some
studies reporting an atypical loss of Candida albicans [19] while others have found an
enrichment of this species [20].

In this study, we analyse the mycobiome of the Sudanese smokeless tobacco,
Toombak, a smokeless tobacco produced in western Sudan from the Nicotiana Rustica
tobacco plant. The Toombak is produced through open-air fermentation and the
addition of sodium bicarbonate. It is often stored for unknown but often lengthy
periods of time in extensive heat. A ‘dip’ is often replaced by users several times a
day. While we have explored the bacterial genomics and metabolics, physical
structural, heavy metal content and pH of Toombak in a previous paper [3], here we
assess the mycobiome of Toombak, a novel area in the understanding of how Toombak
may further contribute to the oral and systemic health of Sudanese users. We further
explore how the mycobiome of Toomba is impacted by geographic location at the
cities Omdurman [the most populated city in the country with a lower standard of
living] and Khartoum-North [21].

2.3 Materials and methods
Sample collection and location

Sixteen samples of ready to buy Toombak were purchased from Sudan. Seven of these
were purchased from Omdurman [west] while nine samples were retrieved from
Khartoum-North [east], separated by the river Nile [22]. Toombak sold in these
markets is often prepared by different persons and in varied manufacturing methods.
Samples were initially kept at room temperature in airtight polythene bags [Figure 1]
after which they were then shipped to Cork, Ireland, less than one week after sample

collection. Here they were refrigerated, to prevent any changes to the product.
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Figure 1: The physical nature of Toombak

1: Toombak is a dark brown and pungently odourful smokeless tobacco produced in Sudan.
It is sold in polythene bags and often stored at hot room temperature.

Mycobiome analysis
DNA extraction

DNA extraction of samples was achieved by the DNeasy Powersoil Pro Kit
[QIAGEN®, Hilden, Germany]. Eluted DNA was transferred to sterile Eppendorf

tubes and frozen at - 80°C for further analysis.
Amplicon sequencing

ITS gene sequencing was prepared with a similar method to the Illumina Metagenomic
Sequencing Library Preparation protocol for 16S rRNA gene library preparation and
followed the methods described by Walsh et al [23]. PCR was performed on DNA
extracted samples using AMPure XP beads [Beckman Coulter] and primers that were
specific to the ITS1-ITS2 regions of the ITS gene with llluminas overhang adaptors

[ITSF1 primer 5!
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGG
AAGTAA 3 and ITS2 primer 5
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GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCG
ATGC 3.

PCR was then performed in a 50 puL reaction mixture containing 10 ng of template
DNA and 2x KAPA HiFi HotStart Ready Mix. The following thermal cycling
conditions were used: 3 min of initial denaturation at 95°C; 30 cycles each of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for
30 s and the last step at 72°C for 5 min.

PCR clean-up was achieved with AMPure XP beads [Beckman Coulter] to purify the
16S V3 and V4 amplicon from free primers and primer dimer species. Electrophoresis
was performed on the PCR-amplified products using 1.5% agarose gel with Invitrogen
DNA loading dye [ThermoFisher Scientific] to verify the expected size at 550 base
pairs. The gel was then visualised under 300 nm ultraviolet light. 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; 8 cycles each of denaturation at 95°C for 30 s, annealing
at 55°C for 30 s, and elongation at 72°C for 30 s; the last step at 72°C for 5
min. AMPure XP beads [Beckman Coulter] were utilised for final clean-up, and the
final library was quantified using the Qubit® 2.0 Fluorometer and the Qubit dsSDNA
HS Assay kit [ThermoFisher Scientific]. Samples were then normalised, and the final
library run on an Agilent high sensitivity chip and quantified by qPCR using the
KAPA Illumina Library quantification kit.

The resulting sequencing reads were variable in length and were processed using
DADAZ2 [v1.18.0] in R, following DADAZ2 pipeline workflow for ITS sequences [24,
25]. The reads were filtered to remove sequences with ambiguous ‘N’ bases. This was
followed by primer removal from the reads using Cutadapt [v3.5] to remove primers
as described in the DADAZ2 ITS pipeline workflow [26]. The quality of the reads was
inspected, and the reads were further filtered and trimmed to retain reads that were a
minimum of 50 base pair long with default parameters. Dereplicating and merging of
paired-end reads was done following the workflow, following which chimeras were
removed and taxonomy was assigned to the resulting ASVs [Amplicon Sequence
Variants] using the UNITE ITS database.

123



Statistical analysis

The resulting ASV table was used for statistical analysis with Microbiome Analyst

[www.microbiomeanalyst.ca] to achieve fungal relative abundance, core microbiome

delineation, species detection, Metagenomeseq through false detection rates or g-value
and One-way Anova significant variation analysis and LEfSe plotting. Data were not
rarefied but normalised utilising total sum scaling [TSS] [27].

2.4 Results

A total of 3474917 reads could be obtained with 1531 ASVs. Toombak from both
geographic locations was found to be enriched in the phylum Ascomycota [86-93%]
while Basidiomycota were more abundant amongst Omdurman samples [3.3%)]
compared to Khartoum-North [0.7%]. Other phyla in Toombak included
Chytridiomycota and Mucoromycota. Toombak was found to be enriched in the genus
Aspergillus [85.54%] followed by Rhizopus [4.46%] where only the species Rhizopus
arrhizus could be detected. Aspergillus heterocaryoticus [43.27%] and austwickii
[39.48%] dominated the samples with a high detection threshold in the core
mycobiome entity profiling for Aspergillus species. Aspergillus orientalis, latus and
quadrilineatus were also a part of Toombak mycobiome, albeit with lower relative

abundance [Figure 2].

Figure 2: Core mycobiome entity profiling of Aspergillus species in Toombak
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2: Core mycobiome entity profiling of Aspergillus species in Toombak highlights the species

Aspergillus heterocaryoticus and austwickii to be the most abundant in samples, while
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Aspergillus orientalis, latus and quadrilineatus were low core mycobiome species

counterparts.

Low relative abundance features in Toombak are were found to include but were not

limited to the genera Issatchenkia, Giberella, Cladosporium and Candida [Table 1].

Table 1. Low relative abundance of fungal genera and species in Toombak

Genera Relative Species detected
abundance [%]

Issatchenkia 1.70% Issatchenkia orientalis

Gibberella 1.08% Gibberella intricans

Cladosporium 0.57% Cladosporium delicatum
[0.38%]

Epicoccum 0.42%

Cyberlindnera 0.35% Cyberlindnera fabianii

Thielavia 0.35% Thielavia subthermophila

Malassezia 0.28% Malassezia restricta
[0.26%]

Exserohilum 0.22%

Candida 0.21%

Aspergillus species detected but in low Aspergillus

abundance in Toombak minisclerotigenes [1%]
Aspergillus quadrilineatus
[0.71%]
Aspergillus latus [0.65%)]

There was a significantly higher Chaol and observed richness [p=0.003] alpha [a]
diversity in samples from Khartoum-North compared to Omdurman samples [Figure

3].
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Figure 3: « diversity amongst Toombak samples [Pink=Khartoum-North,

Blue=Omdurman]
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3: a diversity amongst Toombak samples was found to be higher in Khartoum-North
purchases. There was a significantly higher Chaol and observed richness [p=0.003] «

diversity in samples from Khartoum-North compared to Omdurman samples.

Utilising pattern search, the genera Ramularia, Itersonilia, Wickerhamomyces,
Saccharomyces, Papiliotrema and Phaeosphaeria were positively correlated with
samples from Omdurman while the genera Alternaria, Aspergillus, Thielavia,
Ascobolus, Penicillium, Epicoccum, Macrophomina, Kluyveromyces, Aureobasidium,
Clavispora, Starmerella, Neotestudina, Dioszegia, Westerdykella, Podaxis,
Dipodascus, Meyerozyma and Fusarium were positively correlated with samples from
Khartoum-North [Figure 4].
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Figure 4: Pattern search of the top 25 genera affiliations in Khartoum-North and

Omdurman Toombak samples
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4: Pattern search of top 25 correlates of mycobiomic genera found in Omdurman and
Khartoum-North samples. The genera Ramularia, Itersonilia, Wickerhamomyces,
Saccharomyces, Papiliotrema and Phaeosphaeria were found to be positively correlated and
high in Toombak from Omdurman while the genera Alternaria, Aspergillus, Thielavia,
Ascobolus, Penicillium, Epicoccum, Macrophomina, Kluyveromyces, Aureobasidium,
Clavispora, Starmerella, Neotestudina, Dioszegia, Westerdykella, Podaxis, Dipodascus,

Meyerozyma and Fusarium were associated with Toombak from Khartoum-North.
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One-way Anova highlighted a significant abundance in the genera Aspergillus
[p=0.006], Epicoccum [p=0.01], Alternaria [p=0.02] and Thielavia [p=0.02] amongst
Khartoum-North samples [Figure 5]. The species Candida albicans [p=0.008] and
Alternaria angustiovoidea [p=0.017] in Khartoum-North samples were also increased.
While Aspergillus was abundant in Toombak from both locations, LEfSe plotting
indicated a higher discriminant for Khartoum-North LDA score [-6.08]. LEfSe
plotting further distinguished the genera, Epicoccum [LDA score = -4.3], Alternaria
[LDA score = -3.69] and Thielavia [LDA score = -4.21] with Khartoum-North

samples.

Figure 5: One-way Anova with the most significantly varied genera between samples

Aspergillus Epicoccum Alternaria Thielavia
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5: Pink=Khartoum-North, Blue=Omdurman. One-way Anova highlighted a significant
increased abundance in the genera Aspergillus [p=0.006], Epicoccum [p=0.01], Alternaria
[p=0.02] and Thielavia [p=0.02] amongst Khartoum-North samples.
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Incorporating Metagenomeseq to continue detection of species variations amongst
samples with false detection rates [q value], we found Itersonilia perplexans
[g=1.0213e-8] and Ramularia collo-cygni [g=0.01], were significantly increased in
samples from Omdurman while Kluyveromyces marxianus [q=1.856e-5], Aspergillus
sydowii [q=3.561e-4], Aspergillus minisclerotigenes [q=0.001] and Thielavia
subthermophila [g=0.001] were significantly increased in samples from Khartoum-
North [Figure 6].

Figure 6: Species variations
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6: Log fold abundances using Metagenomeseq in Omdurman [blue] and Khartoum-North
[pink] samples of Toombak. Khartoum-North exhibited variations with significant increases
in  Kluyveromyces marxianus [q=1.856e-5], Aspergillus sydowii [q=3.561e-4] and
minisclerotigenes [q=0.001], and Thielavia subthermophila [q=0.001] while Omdurman
samples were found to have increased Itersonilia perplexans [q=1.0213e-8] and Ramularia
collo-cygni [g-0.01].
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2.5 Discussion

Through this study, the mycobiome of 16 Sudanese smokeless tobacco samples
[Toombak] was analysed using next generation sequencing and was found to harbour
an array of fungal genera and species but with a core mycobiome predominantly
enriched in Aspergillus. Compositional variations were also found to exist between

samples relating to the place of purchases, Khartoum-North and Omdurman.

The mycobiome of smokeless tobacco is said to share similarities to the mycoflora of
tobacco leaves and along with the microbiome, has an important role to play in its final
constituency [28]. Some studies have advocated that fungi play a more vital role in the
early stages of fermentation [1, 8, 29] [4] but a lesser role to play overall compared to
the bacterial flora of smokeless tobacco [30]. On the other hand the fungal composition
may also provide specific traits to smokeless tobacco such as effecting the flavour of
these products [31].

In Toombak, the stalks along with the leaves of the tobacco plant are often
incorporated into smokeless tobacco production, allowing a wider niche of fungal
communities to be a component of the final product [10]. Toombak was found to be
predominantly enriched in the phyla Ascomycota and Basidiomycota, similar to
findings from other smokeless tobacco products from around the world [5].
Predominance of Ascomycota is more strongly associated with dry forms of smokeless

tobacco rather than moist forms such as Toombak [2].

Similar to our findings, Aspergillus is the most predominant genus in smokeless
tobacco products from India and the USA [6] while in a study of Nigerian smokeless
tobacco, Aspergillus was found to be of 27.8% abundance [32]. Other studies have
however found Aspergillus to harbour a reduced compositional importance in the
mycobiome of smokeless tobacco [5]. Aspergillus is likely a natural part of the
smokeless tobacco mycobiome that develops during tobacco leaf decomposition,
aging, production and storage [6, 18] but can also become part of the smokeless
tobacco mycobiota due to additives and contamination [33].

Interestingly, reports have also conveyed that Nicotiana tobacco plant extracts harbour
antifungal effects against some Aspergillus species [34]. High nicotine levels, such as
those in Toombak have also been shown to have inhibitory effects on some fungi such

as Candida albicans and Cryptococcus neoformans [35].
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The high abundance of Aspergillus found in Toombak samples likely exposes users of
this product to mycotoxins that may include aflatoxins, patulin, and ochratoxin A.
Mycotoxins may be a potentiating risk factor for the development of oral premalignant
lesions and squamous cell carcinoma amongst Toombak users and may also be the
cause for the development of systemic tumours [hepatocellular carcinoma] and

infectious diseases [Aspergillosis] [6, 36].

Furthermore, Aspergillus is able to reduce nitrate to nitrite likely contributing to the
high concentrations of the class 1 carcinogenic compounds, tobacco specific
nitrosamines, which have been reported to be potently elevated in Toombak [5]. The
alkalinic pH of Toombak is also likely to affect mycotoxin concentrations [33]. In this
study, although Aspergillus was abundant in all samples, it was more abundant in

Khartoum-North samples.

Aspergillus heterocaryoticus and austwickii were sequenced for the first time in this
study from Toombak samples while other Aspergillus species were also identified
[Figure 2], possibly relating to the storage of Toombak [37]. In other studies,
Aspergillus fumigatus has been detected from the smokeless tobacco, Gutkha [7] while
in smokeless tobacco products from Pakistan, Aspergillus species detected included

Aspergillus flavus and terreus [6].

Aspergillus heterocaryoticus has been detected as part of the mycobiome of fermented
soil during the production of Chinese liquor [38], while Aspergillus austwickii is a
recently described species and part of the Aspergillus flavus clades. Problematically,
both Aspergillus austwickii and minisclerotigenes, found in Toombak can produce
numerous and potent fungal extrolites that include the aflatoxins, B1, B2, G1 and G2,
cyclopiazonic acid, [a mycotoxin that can suppress both immune and haematopoietic

cells [39]], aflatrem and paspalinine [tremorgenic mycotoxins] [37].

Aspergillus quadrilineatus, in the Toombak mycobiome, produces mycotoxins that
can lead to systemic dysfunctions such as increased heart and respiratory rates,
somnolence and diarrhoea [40]. In the head and neck region, this species has also been
reported to be a cause for fungal sinusitis [41], while Sterigmatocystin, a carcinogenic,
is also produced by Aspergillus quadrilineatus [42]. Furthermore, Aspergillus
quadrilineatus has the potential to inhibit the growth of Candida albicans, a normal

inhabitant of the oral cavity [43] thus likely contributing to oral dysbiosis. Aspergillus
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sydowii, is alkaliphilic and a halophilic species appropriate to the Toombak
environment [44, 45], while Aspergillus latus can avoid immune cell detection by

macrophages and neutrophils and is resistant to antifungal medication [46].

In a study of smokeless tobacco products from Nigeria, Aspergillus niger and flavus,
as well as other species that included Rhizopus stolonifer and Alternaria alternata
were reported in samples [47]. In this study, there was a differing Rhizopus species
presence with a high abundance of Rhizopus arrhizus [Rhizopus oryzae] [48].
Rhizopus arrhizus can survive high temperatures and is likely to have a role to play

during the early fermentation of Toombak [49].

Several low abundance fungal genera and species were found in Toombak that
included Issatchenkia orientalis [1.7%], Gibberella intricans [1.08% and
Cladosporium delicatum [0.38%] [Table 1]. These genera likely add to an over-
representation of fungal species in the mouth with subsequent altered local host

mucosal responses to the normal oral mycobiome [50].

We further found variations between the Toombak sampled from the two cities:
Omdurman and Khartoum-North. In Omdurman samples, presence of the genus,
Wickerhamomyces, a mosquito symbiont may allude to environmental contamination
while those genera that reflect tobacco leaf inferiority include the blight causing
species, Itersonilia perplexans [51] and the leaf pathogen, Ramularia collo-cygni [52].
Toombak from Omdurman may also harbour an increase in the flavour developing
fungi [Papiliotrema] [53] while Khartoum-North samples were positively correlated
with phytotoxin producing genera [Macrophomina] [54]. One-way Anova further
distinguished Khartoum-North samples to be significantly increased in the genera
Aspergillus, Epicoccum, Alternaria and Thielavia [Figure 5]. The genera Alternaria
and Epicoccum have consistently been reported to be hypersensitivity allergens that
can stimulate IgE release in the body [55] [56], while Thielavia can grow rapidly in

high temperatures [57].

Ascobolus, Fusarium, Penicillium, Starmerella and Westerdykella, found in Toombak
have also been detected in Indian smokeless tobaccos [5] while Neotestudina, one of
the causative agents of Eumycetoma in Sudan was a unique finding to the Toombak
smokeless tobacco [58]. Mycetoma is an endemic disease of Sudan characterised by

granulomatous inflammation and deformity to affected body parts [59]. Although it is
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unlikely that Toombak allows for direct Mycetoma infection in the body, it may have
an important and unknown role to play in the transfer of organisms associated with the

disease and the geographical spatial distribution of Mycetoma in Sudan [60].

The species, Kluyveromyces marxianus, Thielavia subthermophila, Candida albicans
and Alternaria angustiovoidea were found also to be significantly increased in
Toombak from Khartoum-North [Figure 6] Kluyveromyces marxianus is a yeast
isolated from many environments including plants and fermented foods [61] and in
Sudan has been described in the Sudanese fermented camel milk, Garis [62] and the

sour milk fermented product, Rob [63].
Conclusion

Our findings provide new evidence into the mycobiomic biocomposition of Toombak
and helps complete the understanding of its microbiological nature. Although
Aspergillus has been previously reported in smokeless tobaccos, its high abundance in
Toombak is a unique finding in this study while for the first time, new Aspergillus
species have been detected in this product. Indeed the mycobiome of Toombak poses
a considerable human pathogenic risk [64] and can hamper local mucosal immunity

likely in a chronic manner [65].

This study highlights the unparalleled nature of Toombak compared to other
smokeless tobaccos throughout the world and in tandem, questions the predispositions
to disease states that may accompany Toombak use. Aspergillus, Penicillium,
Alternaria and Fusarium detected in Toombak for example may be the source of
previously undiagnosed allergic disease [5] while Neotestudina, one of the causative
agents of the endemic disease Eumycetoma, through this study, was found to reside in

Toombak.

Delineating the mycobiome of Toombak thus allows future research to expand upon
new pathways in the investigation, diagnosis, treatment, and management of oral and
clinical diseases that may be adversely linked to the use of this smokeless tobacco

while our findings also help set the future direction for Toombak production
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2.1 Abstract:

The Sudanese, in particular its male population, are known to utilise a smokeless
tobacco product [Toombak] which is placed in the oral cavity and can be replaced
several times a day. Toombak has been shown to harm human health and is highly
addictive. The effect on body cortisol response over a retrospective period in users of
this product has not been previously explored. In addition, psycho-dependency scores

of Toombak users have not been analysed.

In this study, 37 male subjects, age 18-45 years were recruited, of which 18 were non-
users of Toombak and 19 were Toombak users. One hair sample was collected from
each user and non-user of Toombak. Each hair sample [n=37] was placed in a pre-
prepared long piece of foil with two labels on either side marked: ‘scalp-side’ and
‘distant-side’. Cortisol was extracted by mincing 10 mg of ‘scalp-side’ hair, not
exceeding 3 cm, with methanol addition, incubation, and sonication. Cortisol was
measured using the enzyme-linked immunosorbent assay kit [Enzo Life Sciences,
UK]. The amount of hair cortisol in the samples was determined using
spectrophotometry at wavelength 405 nm measured in pg/ml and visualised with a
four parametric logistic curve. Toombak users were further asked to complete the
Fagerstrom Test for Nicotine Dependence-Smokeless Tobacco questionnaire [FTND-
ST] comprising of six questions. Scores of > 5 indicated a significant dependence,

while a score of <4 marked low to moderate dependence.

The mean concentration of hair cortisol in Toombak users [9.7 pg/ml] was
significantly lower [p=0.023] compared to non-users [19.4 pg/ml], with total
concentrations ranging from 2.1 to 55.6 pg/ml. FTND-ST scores ranged from 4 to 9,
with high levels of psycho-dependency [score > 5] and nicotine tolerance found in 85
% of Toombak users. Cortisol body release in Sudanese smokeless tobacco users was
found to be significantly altered. While low cortisol levels do lead to anxiolytic effects,
in the long-term, this can allow for increased susceptibility to low cortisol-associated

diseases
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2.2 Introduction

Cortisol is a glucocorticoid hormone that is secreted from the adrenal cortex. It is vital
in gluconeogenesis and in mediating immunity and reducing inflammation [1].
Cortisol release occurs in a circadian pattern and is regulated by the hypothalamus
pituitary adrenal axis. Corticotropin-releasing hormone is released from the
paraventricular nucleus of the hypothalamus after which adrenocorticotropic hormone
is secreted from the pituitary gland. This mechanism allows the secretion of cortisol
to occur through a negative feedback loop whereby cortisol inhibits the release of
corticotropin-releasing hormone, deactivating the hypothalamus pituitary adrenal axis
[1]. Free cortisol diffuses into hair from the follicular capillaries and is incorporated
and maintained in the hair structure due to its lipophilicity. As a result, hair samples

remain stable at room temperature and are not affected by washing or drying [2].

Cortisol measurements from hair have shown promising research and clinical uses,
particularly in the field of psychoneuroendocrinology [3]. Hair cortisol analysis is a
non-invasive method of adrenal gland function in the body [4]. It reflects well, the
hypothalamus pituitary adrenal axis [5] and average blood cortisol levels over a broad
retrospective period [6]. Utilising hair for cortisol hormone analysis also offers the
advantage of the measurements being unaffected by the pulsatile release of cortisol
and the psychological and physical mediators on cortisol release such as exercise,
trauma, and nicotine usage [7,8]. In healthy individuals, hair cortisol levels have been
found to range between 17.7 and 153.2 pg/mg [9], 12-163 pg/ml [10] and 2-51.63
pg/ml [6]. The median hair cortisol concentration through automated methods was
found to be 55 pg/mg [11]. Hair cortisol concentration gradually increases with age
with incremental increases of 0.10 log pg/ mg each year [12]. In disease states such as
the overproduction of cortisol, known as Cushing’s syndrome, hair cortisol levels have

been reported to be as high as 266 +/- 738.4 pmol/g [13].

The main difficulties in utilising hair as a cortisol hormone assessment method include
a general need for a more standardised extraction methodology. The composition of
hair also varies globally [such as African hair, which grows slower] making hair
cortisol concentrations less comparable between different populations [14, 15]. Hair
cortisol can also be damaged by UV radiation [natural sunlight] and chemical

treatments [16]. Other samples from the human body from which cortisol can be
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extracted include urine, faeces, blood, saliva and nails [17]. Urine cortisol
measurements while not affected by the circadian rhythm, only reflect a cortisol
picture of days rather than the months that hair cortisol measurements can provide.
Salivary cortisol is said to reflect only about 70% of cortisol concentration in the body,
while studies on nail cortisol extraction have produced similar results to hair cortisol
studies [18-21].

Toombak is a form of smokeless tobacco used primarily by Sudanese males. Users of
Toombak generally exhibit chronicity of use of this product starting from a young age.
Toombak has been shown to contain high levels of nicotine and other toxic compounds
that can harm human health and allow it to be addictive [22]. Nicotine in Toombak
likely produces an anxiolytic effect [23] although long-term exposure has been
associated with anxiogenic traits [24]. The Fagerstrom Test for Nicotine Dependence
questionnaire [also known as the Fagerstrom tolerance test] is one of the most
commonly utilised questionnaires measuring nicotine dependence and addiction levels
amongst tobacco users and was adapted for smokeless tobacco use by Ebbert et al.
[2006] [25] into the Fagerstrom Test for Nicotine Dependence for Smokeless Tobacco
[FTND-ST] questionnaire. It can reliably analyse nicotine dependence and has shown
a good association with the physical dependence associated with smokeless tobacco
use [26-28]. The FTND-ST questionnaire employs the question ‘time to the first use
of tobacco after waking’, a validated measure of dependence for smokeless tobacco
users [29]. This questionnaire has also accurately portrayed withdrawal and quitting
difficulties experienced by smokeless tobacco users [30]. In one study on Nepalese
smokeless tobacco users, the FTND-ST questionnaire highlighted an 80% moderate
to severe nicotine dependence amongst the study group [31,32]. In this study, the
effects on cortisol body production were assessed in chronic Sudanese Toombak users
over a retrospective period. The psycho-dependency of Toombak use was measured
using the FTND-ST questionnaire.

2.3 Materials and methods
Sample collection, segmentation of hair and storage

Ethical approval was obtained from the National Ribat University, Sudan ethical
committee. Hair samples were collected in Omdurman, Sudan, in cooperation with a

barber grooming facility. They were obtained from the posterior side [the vertex] of
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the head in those who had not attended a hair grooming visit for at least three months.
Informed consent from participants was achieved both verbally and written.
Participant’s hair samples were collected during their routine visit. In addition, a recent
medical evaluation was achieved, while those utilising Toombak also completed the
FTND-ST questionnaire. Inclusion criteria included healthy individuals with average
anthropometric measures, who only utilised smokeless tobacco and were not
prescribed exogenous corticosteroids within the last three months. Other information
retrieved included the age of the participants, length of Toombak use and frequency
of use. Thirty-seven hair samples were collected: 18 from non-users of Toombak and
19 from Toombak users [n=37]. All participants were males and were aged between
18 and 45 years of age. Each hair sample collected was placed in a pre-prepared long
piece of foil with two marked labels: ‘scalp-side’ and ‘distant-side’. Participant’s hair

samples were secured to the appropriate positions in the foil.
Cortisol extraction

A standard method for quantifying hair cortisol concentration was utilised as outlined
by Greff et al. [2019] [7]. Only the ‘scalp-side’ or proximal hair was chosen. Hair
samples were weighed [10 mg] and did not exceed 3 cm in length [to reflect a 3-month
retrospective cortisol period]. Samples were minced using sterile scissors and placed
in sterilised Eppendorf tubes. Where the hair was extensively curly, all attempts were
made to straighten the hair with a clean comb before cutting from the appropriate
section. Methanol [1 ml] was then added to each Eppendorf tube in a fume hood and
incubated at 52 °C for 16 h. The following day, the Eppendorf tubes were sonicated
for 30 min in a covered bath sonicator [Clifton™ ultrasonic bath] and placed on a
heated shaker [Multi-Therm™] at 52 °C, with shaking at 200 rpm for 16 h. On day
three, the methanol from each hair sample was transferred into a new Eppendorf tube
and evaporated to dryness using a sample concentrator [Genevac™ miVac
FisherScientific] for five hours at 37 °C. Lastly, the residue was reconstituted in 250

uL of phosphate buffer saline, vortexed and stored at — 30 °C.
Measurement and analysis of cortisol concentration

Cortisol levels were analysed in duplicate, using a commercial enzyme-linked
immunosorbent assay [ELISA] kit [Enzo Life Sciences, UK] in accordance with

manufacturers’ instructions. Briefly, the kit competitively uses a monoclonal antibody
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to bind cortisol. Seven cortisol standards were prepared at concentrations of 10,000,
5,000, 2,500, 1,250, 625, 313 and 156 pg/ml. 100 uL of standards and samples were
pipetted into the appropriate wells. Duplicate sampling was performed as the Enzo
Life Sciences kit has a high cross-reactivity with the cortisol hormone [100%] thus
obtaining accurate results. Furthermore, hair cortisol [unlike saliva or plasma cortisol],
is not affected by the daily variations in cortisol concentration that may require a triple
average or triplicate analysis. 50 puL of yellow antibody was pipetted into each well
[except the blank, total activity and NSB wells]. 50 uL of blue conjugate was pipetted
into each well except the total activity and blank wells. Samples were incubated at
room temperature on a plate shaker for two hours at 500 rpm. The contents of the wells
were emptied and 400 pL of wash solution was added to each well, with this step
repeated three times. Next, 200 uL of p-nitrophenyl phosphate in buffer solution was
added to the wells and samples were incubated again at room temperature for one hour.

50 uL of stop solution was finally added to every well.

The amount of hair cortisol in the samples was then determined using a 96-well
spectrophotometer [Biotek Synergy HT spectrophotometer, BioTek® Instruments,
Inc, Vermont, USA] using Gen5TM software and read at wavelength 405 nm with a
correction between 570 and 590 nm. The mean optical density of the blank wells was
subtracted from all readings. The detection limit was determined as the concentration
of cortisol measured at two standard deviations from the zero along the standard curve.
Sample recoveries for tissue culture media, saliva and urine were reported for the Enzo
Life Sciences kit while hair cortisol recovery percentages were determined from the

literature.
FTND-ST questionnaire

The 19 Toombak users were asked to fill in an Arabic translated FTND-ST
questionnaire which contained six questions [Table 3]. Answers to question 1 were
evaluated as either; ‘within 5 min’, ‘6-30 min’, ‘31-60 min’ or ‘after 60 min’, to
question 2 as ‘always’, ‘sometimes’ or ‘never’, to question 3 as ‘the first one in the
morning’ or ‘any other’, to question 4 as ‘more than three’, ‘two-three’ or ‘one’, to
question 5 as ‘yes’ or ‘no’ and to question 6 as ‘yes’ or ‘no’. The answers provided
were assessed on a point scale ranging from 0 to 3. The total score was then calculated

and evaluated using the scoring instructions and included adding up responses to all
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items. A score of > 5 indicated a significant dependence, while a score of < 4 showed

a low to moderate dependence.
Statistical analysis

To achieve regression models of hair cortisol concentrations, the four-parameter
logistic curve [4PL] curve fitting programme was performed with the ‘MyAssays’
website [https://www.MyAssays.com-Data Analysis Tools and Services for
Bioassays]. The concentrations of the samples were first determined as corrected
background measurements [raw measurement minus the average of the blank group]

in relation to the seven standards utilising the 4PL curve.

The coefficient of variation, expressed in percentage [CV %] was also determined for
each sample to evaluate the strength of duplicate analysis as well as the precision of
the kit. The CV % were calculated as the percentage of the standard deviations of the
replicate measurements divided by their mean and were expected to be < 20% for
optimum deviations between replicates. The concentration averages of the samples
were then further calculated in correspondence to the weight/volume dilution
expressions. Goodness of fit was measured using R?, the mean square error, the sum

of the squares of the residuals and the standard deviation of the residuals.

Data were also analysed using the IBM Corp. IBM SPSS Statistics for Windows
Version 28.0 [Armonk, NY: IBM Corp]. Descriptive statistics were utilised to evaluate
the data while the means of the two study cohorts were compared using independent
samples T tests and the significant p value obtained. Correlations of FTND-ST scores
with hair cortisol concentrations were further expressed through GGraph syntax
utilising subgroup plotting.

2.4 Results
Cortisol assays

Figure 1 highlights a 4PL curve measuring the corrected background values of all

samples.
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Figure 1:

Corrected background measurements
L J

1 2 4 6 8 10

Concentration pg/ml

1: 4PL sigmoidal curve of hair cortisol samples bounded by the Y axis defined by the a [0.011] and d [0.35] coefficients. Optimum goodness of fit R? = 0.99
[close to 1]. Standards [red] highlight reproducibility and curve strength along the 4PL curve with samples [green] in range, measured in corrected

background values.
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These were found to be in range of the standards and were between 0.101 and 0.905
pg/ml [Table 1].

Table 1: Corrected background values were found to range between 0.101-0.905 pg/ml while
92% of samples had a CV% < 20% indicating that samples had acceptable deviation between
replicates. Furthermore, the intra-assay cortisol concentration of the Enzo Life Sciences kit
was found to be 6.6%.

Sample | Corrected background | [CV] %
number | values

1 0.276 12.2
2 0.112 10.2
3 0.183 13.5
4 0.286 10.7
5 0.248 9.91
6 0.150 5.26
7 0.905 7.11
8 0.250 1.01
9 0.231 10.1
10 0.101 14.1
11 0.243 9.66
12 0.151 1.75
13 0.246 1.96
14 0.276 2.44
15 0.138 12.7
16 0.179 3.38
17 0.192 0.848
18 0.279 8.74
19 0.281 2.54
20 0.263 14.2
21 0.216 18.4
22 0.244 7.77
23 0.207 4.32
24 0.178 7.6
25 0.255 5.17
26 0.313 52.3*
27 0.106 30.3*
28 0.184 4.22
29 0.265 9.96
30 0.235 1.87
31 0.202 24.7*
32 0.187 7.6
33 0.241 8.63
34 0.264 8.82
35 0.196 5.1
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36 0.261 12.9

37 0.249 6.99

Intra-assay ~ medium
cortisol concentrations:
6.6%

*A CV% >20% amongst samples 26,27 and 31 may indicate that wider deviations amongst
these sample replicates may exist.

The CV % for all duplicate samples were found to be < 20% for 92% of samples.
Three samples, 26, 27 and 31 had a CV % of > 20%. The intra-assay cortisol
concentration of the Enzo Life Sciences kit was found to be 6.6%. R?, the goodness of
fit, was found to be closer to 1, indicating optimum goodness of fit [0.99] of samples.
Furthermore, the mean square error [0.0000638], the sum of the squares of the
residuals [0.0008939] and the standard deviation of the residuals [0.009455] were all
found to be closer to 0 indicating that samples also achieved a high goodness of fit.
Furthermore, the detection limit was found to be 0.040 pg/ml while the cortisol sample
recovery percentages from tissue culture media, saliva and urine were found to be
106.6%, 97.4% and 102.2% respectively.

While the percentage of hair cortisol sample recovery was not listed in the manual, the
literature supports an average hair cortisol recovery of 88% [9]. Average
concentrations of hair cortisol measurements in relation to Toombak use, FTND-ST

scores and age were found to be between 2.1 and 55.6 pg/ml [Table 2].

Table 2: Summary of the participants of users and non-users of Toombak from Sudan in
relation to Toombak use, FTND-ST scores and age. Hair cortisol analysis is expressed in
concentration average [pg/ml], a weight/volume dilution of 25 and were found to range
between 2.1- 55.6 pg/ml

Participant | Toombak status | Concentration averages of | FTND- | Age
number hair cortisol [average pg/ml] | ST
scores

1 Y 4.59 6 28
2 N 40.25 - 22
3 N 16.36 - 25
4 Y 3.90 7 35
5 N 7.18 - 40
6 N 24.28 - 45
7 N 55.60 - 28
8 Y 6.92 4 25
9 Y 8.98 5 40
10 Y 47.23 6 18
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11 Y 7.70 6 40
12 N 23.9 - 50
13 Y 7.37 5 39
14 N 4.58 - 25
15 N 28.36 - 32
16 N 17.08 - 30
17 Y 14.53 4 25
18 N 4.39 - 29
19 Y 4.27 5 29
20 Y 5.73 4 40
21 Y 10.92 6 37
22 Y 7.59 5 27
23 N 12.13 - 25
24 N 17.2 - 30
25 N 6.44 - 35
26 Y 2.13 26
27 N 44.96 40
28 N 16.0 - 25
29 Y 5.54 5 40
30 N 8.56 - 30
31 Y 13.0 8 28
32 Y 154 6 23
33 N 7.85 - 25
34 Y 5.58 9 35
35 N 13.94 - 30
36 Y 5.95 9 25
37 Y 7.03 5 38

The mean concentration of cortisol amongst hair samples in non-users of Toombak
was found to be higher [19.4 pg/ ml] compared to Toombak users [9.7 pg/ml]. This

difference was statistically significant [two-tailed p=0.023].
Questionnaire scores

FTND-ST scores ranged from 4 to 9. 85% of Toombak users were found to have a
FTND-ST score of > 5, reflecting a high dependency on the product, while 15% had
a low to moderate dependency score of < 4. Table 3 highlights the dependency

questions asked to those utilising Toombak.
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Table 3: Fagerstrom Test for Nicotine Dependence-Smokeless Tobacco [FTND- ST] questions
for Toombak users.

Q1. How soon after you wake up do you place your first dip?

Q2. How often do you intentionally swallow tobacco juice?

Q3. Which chew would you hate to give up most?

Q4. How many cans/pouches per week do you use?

Q5. Do you chew more frequently during the first hours after awakening than during
the rest of the day?

Q6. Do you chew if you are so ill that you are in bed most of the day?

Toombak use in years ranged from 2 to 12 years while the age of initiation ranged
from 15 to 34 years. The frequency of use per day was between 15 and 25 dip
replacements/day at an average of 7—10 g per use. Of the 19 participants, four [21%]
Toombak users placed a Toombak dip in the oral cavity within 5 min of waking up,
eight [42%] Toombak users utilised the tobacco within 6-30 min of waking up while
seven [37%] users could use it within 31-60 min of waking up. Fourteen users [74%]
never intentionally swallowed Toombak tobacco juice, while five users [26%]
sometimes with intention swallowed the juice of the Toombak dip. When participants
were asked which dip they hated to give up most, 16 users [84%] did not want to give
up the first-morning dip, while only three users [16%] showed no preference for what
time the dip was used. Thirteen users [68%] purchased two to three pouches [around
100 g each] of Toombak per week, while six users [32%] purchased more than three
pouches. Seventeen users [89%] utilised Toombak more frequently during the first
hours after awakening, while only two users [11%] used Toombak more frequently at
other times of the day. Twelve Toombak users [63%] continued to place Toombak
even if they were ill, while seven users [37%)] did not use Toombak while they were
bedridden. FTND-ST score correlations with hair cortisol concentrations indicated an
inverse relationship between the two variables, such that the lower the dependency
score [FTND-ST score of 4], the higher the area under the curve for average cortisol

production for that subgroup. On the other hand, the greater the dependency score
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[FTND-ST score of 9], the lower the average cortisol production for that subgroup
[Figure 2].

Figure 2: Toombak subgroup configuration

FTND - ST score : 4 FTND - ST score: 9

Toombak users - Concentration pg/ml (hair cortisol) in
relation to subgroup plotting

2: Subgroups defined by FTND scores where each score is analysed in relation to the cortisol
concentration averages [pg/ml]. The lowest [4] and highest [9] FTND- ST scores are
compared. Blue= the pronounced inverse relationship with loss of area under the curve of
cortisol response as dependency on Toombak heightens. Those with low FTND -ST levels [4],
have a higher subgroup/cortisol relationship compared to those with high dependency scores

[9] which show blunting.
2.5 Discussion

For the first time, long-term body cortisol level in Sudanese Toombak users is reported
in this study. We have shown that chronic use of this form of smokeless tobacco leads
to a significant hypocortisolism state compared to normalised cortisol levels in persons
who do not utilise Toombak. Furthermore, those utilising Toombak were shown to
have high psycho-dependency scores [85%] due to smokeless tobacco use and a

nicotine-associated tolerance related to chronic exposure to Toombak.

A stress response is reflected by the activity of the hypothalamus pituitary adrenal
axis, a system responsible for both the release and inhibition of cortisol. The
hypothalamus secretes corticotropin-releasing hormone. It stimulates the pituitary
gland to secrete adrenocorticotropin hormone, which is then carried in the peripheral

circulation to allow the release of cortisol during stress from the adrenal cortex.
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Nicotine initially promotes the activity of the hypothalamus pituitary adrenal axis and
stimulates an increase in cortisol release [33, 34]. However, upon continuous and
chronic use of Toombak, this response is altered [35]. It becomes less responsive to
the stimulation of nicotine leading to the lower levels of cortisol release seen here

amongst long term Toombak users [1, 36 37].

Addiction to other substances, such as to alcohol, gambling, food and exercise, have
also shown similar patterns of low cortisol responses in the body [38]. Other factors
that could underlie low cortisol release in Toombak users include the reduced
synthesis of corticotropin-releasing hormone, low free cortisol, decreased cortisol
response at receptor sites and the increased sensitivity to the negative feedback loop

of cortisol release [39].

Nicotine increases the release of dopamine which has been found to reduce cortisol
levels [40] while blunted cortisol levels may also be attributed to the desensitisation
of serotonin receptors [41]. Indeed, high-nicotine containing products have been
shown to elicit a diminishing ‘high’ after continuous use [42]. Dependency on
smokeless tobacco has been shown to reduce body cortisol production [43], cause an
over-reliance on these products [44] and allow for the increased maintenance of this
habit once initiated [38]. Smokeless tobacco users have shown some of the highest
Fagerstrom nicotine dependency scores compared to cigarette smokers and those who
utilise both products [28], indicating that nicotine levels in these users are likely to
give rise to many negative consequences. High-dependency smokers have also shown
similarly blunted cortisol responses, with some studies associating this trend to the

failure of adrenocorticotropin-releasing hormone in particular [45].

One reason for this is that smokeless tobacco use has been shown to cause potent
downregulation of the cyclin-dependant kinase 2 and cyclin E regulatory molecules
[46], which have an essential role to play in the production of adrenocorticotropic-
releasing hormone. Indeed, treatments targeting cyclin E inhibition, such as Seliciclib
are known to be effective in the management of hypercortisolism [Cushing’s disease]
[47]. Lipid peroxidation induced by chronic nicotine and tobacco specific nitrosamine

exposure [both elevated in Toombak], may also reduce cortisol levels.

Long-term smokeless tobacco use can further induce oxidative stress in cells and result

in tissue damage [48] in many organs, including the adrenal glands. Those with
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Toombak use are likely exposed to the neurological and psychological effects of low
cortisol levels. These include impaired stress responses, poor responses to
environmental challenges, an increased likelihood of aggressive behaviour, panic
attacks, suicidal thoughts, reduced motivation, increased risk of burnout and the

development of chronic fatigue syndrome [38, 49-52].

A factor to consider is also the early age initiation that many Toombak users describe.
This likely imposes a similar effect on the body to early lifetime adversities, now
strongly linked to blunted stress responses in later life [53, 54]. Utilising the FTND—
ST questionnaire in this study, it was found that many users had difficulty quitting
Toombak, with a lack of control associated with this smokeless tobacco use. This

feeling has also been shown to blunt the cortisol response system [36].

The hypocortisolism state reflected in long-term Toombak users can further be said to
resemble those with generalised anxiety and post-traumatic stress disorders who are
found to exhibit low hair cortisol levels [55]. Increases in the symptoms of post-
traumatic stress disorder have also been associated with cortisol hyposecretion [12
56]. Blunted cortisol responses have been recognised in depression, including major
depressive disorder [50]. Low cortisol can allow for continued chronic low-grade
inflammation with an increase in pro-inflammatory cytokines and dysfunctional
autonomic and haematological systems [57]. Hypocortisolism is now strongly linked
to many adverse long-term health outcomes, medically unexplained symptoms,
irritable bowel syndrome as well as chronic pain, including back pain and fibromyalgia
[39, 58, 59].

Indeed, low cortisol concentrations are associated with an increased mortality risk and
a poorer prognosis in cardiovascular disease, sepsis and trauma [60]. In addition,
higher levels of macrophage inhibitory factor, a cytokine associated with several
inflammatory, oncogenic, cardiovascular and autoimmune diseases [61] has also been
linked with reduced cortisol levels. The low cortisol levels highlighted amongst
Toombak users could further be related to the psychological reduction of stress [62].
In some studies, low hair cortisol measures are positive predictors of successful stress
reduction programs [63, 64]. However, low cortisol levels have also been associated
with a greater chance of relapse after quitting tobacco [45], higher withdrawal distress
and an increased urge to smoke [64].
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Cortisol concentrations are known to reduce with smoking cessation [65], however
with the already low cortisol levels found in Toombak users and their chronic nicotine
exposure, a challenging difficulty arises with quitting the Toombak habit. Taken
together, the high nicotine dependency assessed by the FTND-ST questionnaire and
the reduced cortisol concentrations found amongst Toombak users, create a picture of
unstable psychological and physiological responses to Toombak habit modulation and
are likely a potent combination for the addictive nature of this product and associated
quitting failures that Toombak users often relay [66].

Conclusion

In conclusion, we have shown that Toombak users are exposed to significant
alterations in long-term body cortisol production. In addition, average cortisol release
is inversely related to nicotine dependency scores, whereby those with lower FTND-
ST scores of 4, had higher average cortisol levels compared to those with FTND-ST

score of 9.

This highlights the long-term damage that smokeless tobacco use can impose on
adrenal gland function and cortisol release. Some of the limitations of this study
include the first-time analysis of hair cortisol amongst the Sudanese population which
prevents the comparison of the study results. Furthermore, while hair cortisol is a
stable entity and does not undergo daily diurnal alterations, a larger sample size or
triplicate analysis of samples may also be utilised in future research to overcome any

sample variations.

It would also be prudent that upcoming research aims to capture the longitudinal
cortisol responses to Toombak use and in particular at the time of initiation and
quitting and in those with illness and surgery. Such understanding may aid
practitioners in the specific treatment of Toombak users and achieve better public

health programs to support Toombak users who do express a wish to abort the habit.
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3.1Abstract

The fermented foods of Sudan are uniquely preserved in their methodologies and offer an
invaluable source of affordable nutrition to the Sudanese population. These foods originate
from a vast range of raw ingredients. In this study, we sought to analyse the most extensive
collection of Sudanese fermented foods from the following categories: crop, plant, animal, fish,

and dairy produced foods.

Forty-six samples of Sudanese fermented foods were collected from various locations that
included markets in Khartoum and Western Sudan as well as being sourced from local homes.
The un-fermented Combu or potash that is often added to many Sudanese fermented foods was
also collected. The microbiome and mycobiome were analysed through 16S rRNA and internal
transcriber [ITS] sequencing, respectively at different stages of these foods production. DNA
extraction was achieved, and polymerase chain reaction followed by the Illumina sequencing
protocol. Data were processed by Microbiome analyst, Calypso version 8.84 and BLASTn for

species recognition.

We found a vast array of bacterial and fungal composition amongst Sudanese fermented foods
that have the potential for numerous health benefits. Beta diversity [p=0.001] was significantly
varied between the categories of Sudanese fermented foods. Animal, fish, and plant-based
foods exhibited a high alpha diversity richness [p=8.7229e-07] while fish and plant-based
foods had an elevated Shannon index [p=0.001]. Crop-based foods [sorghum and millet] were
found to be enriched in the genus Acetobacter [96.89%], plant-based foods in Aeriscardovia
[99.14%], dairy-based foods in Enhydrobacter [85.03%], animal-based foods in Bacteroides
[98.22%] and fish-based foods in Sporosarcina [99%]. Although un-fermented, the Combu
was found to contain an enrichment in Lactobacillus [23%]. Evaluation of the preparatory and
final stages of sorghum and millet fermented foods showed a loss of Lactobacillus abundance
however from 26.91% to 4.38% when comparing the former and latter stages. The Kawal food,
obtained from the fermentation of the Cassia obtusifolia plant was found to harbour an enriched
microbiome [Bacillus, Lactobacillus, Pediococcus, Citrobacter and Bifidobacterium] and
mycobiome [> 90 fungal species] that included but was not limited to Candida, Aspergillus,
Cladosporium and Malassezia species which could potentially harbour unknown but novel

probiotic benefits to consumers. Sudanese fermented foods were however also found to be a
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source for pathogenic bacteria that included Escherichia_Shigella which was found abundantly
in the plant-based foods [46.8%] and Wohlfahrtiimonas which were found to be abundant in
animal-based foods [79.07%].

Sudanese fermented foods are rich in beneficial microorganisms but also carry a sinister
microbial picture due to external contamination. However, the methodological preservation of
these foods should be strongly sought with insight into more modern techniques that improve

their biological standards.

3.2 Introduction

Fermented foods of Sudan are numerous in variety, carrying indigenous origins dating back
centuries. These foods often have preserved forms of methodologies and in some societies
within Sudan they act as a vital source of survival offering nutrition in times of food shortages
and famine [1]. Indeed fermentation plays an essential role in stabilising food security in Sudan

by preserving key raw materials and modifying foods so that they are fit for consumption [2].

Sudanese fermented food production is largely influenced by the rich tribal backgrounds of the
Sudanese people, climate variations such as drought, economic instability, and the migration
or movement of people. While some fermented foods are consumed all over Sudan, such as the
sorghum pancake or Kisra, others are unique to specific geographic locations, particularly the
Western part of the country, that include the fermented foods, Kawal and Sigda, produced from
the Cassia obtusifolia and sesame plants respectively. Many of these foods vary in taste,
palatability, and form. Some have a soft texture such as the fat sheath product Miriss while

others are hard such as the Musran or dried intestine.

Sudanese fermented foods originate from a vast source of starting ingredients that can be
classified into crop-based fermented foods that include sorghum or millet and plant-based
fermented foods such as the Cassia obtusifolia, sesame and hibiscus plants. Fruit and vegetable-
based fermented foods include sources such as watermelon, cucumbers, dates, boaob, pumpkin,
onions, and mushroom while animal-based fermented foods are sourced from the intestines, fat
sheaths, bones or meat of the animal. Fish-based fermented foods are produced from variously
sized fish while dairy-based Sudanese fermented foods are rich in heritage and include

yoghurts, cheeses, thickened milk and biscuit forms [3].

While several microbiological studies have been achieved to date on Sudanese fermented foods

[4-6], there are limited reports using next generation sequencing techniques [7] with many
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Sudanese fermented foods such as the Musran, Miriss and Shermout never previously explored
through metagenomics. In this study, we performed metagenomic sequencing on the most
extensive collection of Sudanese fermented food samples to date, using 16SrRNA and ITS
sequencing for microbiome and mycobiome analysis, respectively. Table 1 highlights a
summary of the Sudanese fermented foods in this study outlining each of the food’s production

steps.
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Tablel: Summary of Sudanese fermented foods

leaf protein source

Fermentation | Food name and | Summary of methodological production
source type
Sorghum Kisra - sorghum | Water to sorghum flour ratio is often 1:1. The mixture is covered and left for 12-19 hours in warm
pancakes temperatures.
Kisra is baked on hot flat plates for no longer than 15-20 seconds for each pancake. Final product is a large,
smooth, coherent pliable paper-thin sheet that is sour in flavour.
Abreh -a flavourful | Two types of sorghum are used [cooked sorghum grain as a porridge and ground germinated grain]. The
sweet-bitter drink ground germinated grain is added to the hot porridge and left to ferment for around 12 hours. Liquefaction
occurs. Spices are added such as cinnamon, ginger, cloves and cardamon. Dates are also added. The mixture
is left to ferment for around another 12 hours.
Abreh is baked on flat plates as thin red sheets, further air-dried, and stored for up to one year but can be
more. When required for use, a sheet is resuspended in water for 5-6 hours, sieved and a clear juice is
prepared. Sugar is often added.
Millet Damirga — can be | Pancakes - millet flour is mixed with water and allowed to ferment with similar preparation methods to
made into a pancake, | sorghum-based pancakes
porridge, or drink Porridge — millet flour is also allowed to ferment after which it is heated into a thick porridge
Damirga drink — this is obtained from the fermented water of pancake or porridge preparation
Plant Kawal — fermented | Only unwashed Cassia Obtusifolia leaves are utilised. No starter is utilised.
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eaten in solitude or
as a stew
[predominantly
consumed by the
Western  Sudanese

population]

An earthenware pot is placed underground. A mucilaginous substance [okra] is slathered on the surface to
prevent mixing between Kawal and soil. Fresh leaves are crushed into a light paste and placed into the pot
away from direct sunlight. Sorghum leaves may be placed as a further covering.

The pot is sealed and left for 3-4 days. The paste begins to turn dark brown/black. It is re-mixed and covered

for another 15 days.

The final product is a thick paste that is shaped into even balls and air-dried [often another 3-4 days] before
storing for up to year. A yellow ‘pickle sauce’ also develops like soy sauce and can be utilised in food

preparation which is said to have as high amino acid content.

Sigda — fermented
sesame seed balls
eaten as a stew or

whole

Sesame seeds are crushed with water and left to ferment for 3-7 days in a tightly sealed container. Combu*
is often added. Occasional mixing and resealing occur during this time. The final product is moulded into

balls and sundried.

Dairy

Mish - deep yoghurt

Milk to be fermented is added to a clean container and a starter of ‘Mish’ is added. Starters are often many
years old and secluded to families. Black cumin and fenugreek seeds are added. The Mish is left at room
temperatures for two days to complete fermentation. The final product is then placed under cool storing to

stop fermentation and is often consumed for up to one month.

Garis — fermented

camel milk

Fermented camel milk. Previous starter of Garis is often added to new camel milk. Shaking is then

introduced
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Gergosh -
dairy/legume biscuit

Milk is boiled to which lentils are added. The mixture is left for 15-20 hours. Gaseous fermentation occurs.
The now fermented milk is then mixed with wheat flour. Water and nigella seeds are also incorporated. The
mixture is made into a dough and baked.

Gergosh is used as a morning snack and can keep for years without spoiling.

Fish Faseekh — moist | Production is initiated in October/November until May-June
salted fish Fish are cleaned and salted individually. They are stacked in layers in wooden racks and protected from air
by wrapping after which they are left for 3-7 days depending on ambient temperatures [shorter time in
summer and longer in winter]
The fish now become semi-dry with a pungent aroma. They are packed into tighter airtight containers for
another 3-7 days to produce Faseekh.
Mendeshi — pasted | This product is usually produced from the Mormyrus genus of fish that are small-medium sized fish [7-
fish of medium sized | 12cm] often chosen around December and January.
origin Fish are left to dry then either left whole or made into a paste.
Kejeik — sun-dried | Fish are split longitudinally before drying for days to weeks.
fermented fish often
of a large size that
maybe broken into
pieces before selling
Meat Shermout — air-dried | Meat containing fat is often chosen. Meat is cut into strips and hung on ropes left to sun dry at hot

meat [beef] strips

temperatures.
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Miriss — fat sheath of

Made from animal fat [sheep]. The fat is cleaned and made into a paste. It is then placed in a tightly closed

sheep bucket for 2-6 days. Sometimes various pieces of intestine may be added. The final product is a white
pungent-smelling paste. Can be stored at room temperature for up to a year.
Musran — dried | Small intestine contents are emptied and placed in closed container to undergo fermentation for 3-4 days.

intestine usually

sheep

After this time, they are spread out in the sun to dry.

Combu

This is produced by the burning of sorghum seed heads with mixing of ash and water. The filtrate is collected

and left to dry. The end product is a grey crystalline mass [82].
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3.3 Materials and methods

Sample summary

Forty-six Sudanese fermented food samples were collected from various markets across Sudan
[Omdurman and Khartoum] while some samples were collected from local homes and the west
of the country, Darfur. Thirteen samples were obtained from two sorghum products, Kisra and
Abreh during their preparation and final stage [Figures 1a-1d]. Two samples were of a millet
product, Damirga, nine samples were from the Cassia obtusifolia plant fermented product,
Kawal [Figure 1e] and one sample was of the fermented sesame seed block, Sigda [Figure 1f].
A further eight samples were the fish fermented products, Kajeik [Figure 1g], Mendeshi [Figure
1h] and Faseekh while six samples were of the animal fermented foods, Shermout [Figure 1i],
Musran [Figure 1j] and Miriss [Figure 1k]. Seven dairy fermented food samples were included,
one of which was from the deep yoghurt Mish [fl], two samples were from the fermented
camel’s milk, Garis, and four samples were from the preparatory and final stages of the

dairy/legume-based biscuit, Gergosh.

Figures 1la-1l: Types of Sudanese fermented foods
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Dry fermented products of Sudan. 1a: preparation stage of sorghum pancake. 1b: preparation stage of
sorghum juice. 1c: Final sorghum pancake that is ready to eat. 1d: sorghum juice sheets which require
soaking in water for several hours and sieving after which the juice is consumed by many Sudanese. le.
Kawal produced from the Cassia obtusifolia in Western Sudan. 1f: Sigda, a sesame seed fermented
product 1g: Kajeik fish fermented samples and 1h: Mendeshi that are medium sized fermented fish. 1i:
Shermout or air-dried fermented shredded beef. 1j: Musran or fermented intestine. Moist fermented
foods of Sudan. 1k: Miriss produced from the fat sheath of sheep. 1I: Mish or deep yoghurt. Black

nigella seeds are often added for taste.

Finally, one sample of Combu or potash, although not a fermented product, was collected.
Combu is often added during the preparation of many Sudanese fermented foods. Some

samples were stored at room temperature such as the Kawal, Sigda, Abreh, Shermout and
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Musran while others were placed in a refrigerated setting such as the Miriss, Mish and fish

samples.

Sorghum and millet fermented foods

Sorghum foods included the sorghum pancake, Kisra and sorghum juice, Abreh. Five samples
were obtained during the pre and post spice preparatory stages of sorghum juice while one
sample was of the final stage. Six sorghum pancake preparations were included for sequencing
while one sample was analysed at the final stage of sorghum pancake. Two millet products, the
millet flour preparation, Damirga and its fermentation water that is a common addition to the

diet of the people of Western Sudan, were also included.

Plant fermented foods

Nine samples of the fermented Cassia obtusifolia product, Kawal, were collected. Two of these
samples were retrieved from Western Sudan while another two and five samples were obtained
from Khartoum and Omdurman markets respectively. One sample of the sesame seed

fermentation block, Sigda was obtained from a Khartoum market.

Animal fermented foods

Six samples were analysed in this category. Four samples were of the fat sheath fermented
product; Miriss, one sample was of the fermented air—dried meat product, Shermout and one

sample was obtained of the fermented hardened intestine, Musran.
Fish fermented foods

Eight samples were analysed in this subset. These included one sample from the moist fish
fermentation product, Faseekh, five samples from the sun-dried fish product Kajeik and two

samples from the medium sized pasted fish product, Mendeshi.
Dairy fermented foods

Seven samples were included of which four samples were of the preparatory and final stages
of the dairy/legume biscuit, Gergosh, two samples were of the fermented camel’s milk, Garis

and one sample was that of deep yoghurt, Mish.
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Metagenomic analysis
DNA extraction

DNA extraction of the fermented food samples was achieved with the WizPrep™ Plant
DNA Mini kit [WizBiosolutions inc] that allows for the isolation of DNA from plant
material including leaves, stems and seeds as well as other tissue. This was carried out in
Khartoum, Sudan. Briefly, 100mg of each sample was weighed and vortexed with 400 pnl
lysis buffer and 5ul RNase A. 500 pl of Cetyl Trimethyl Ammonium Bromide [CTAB] buffer
was added to samples with rigorous starting material and included the Kawal, fish and
Shermout samples. All samples were then incubated at 65°C for 10 minutes, a further 100pul
of buffer was vortexed with all samples which were then incubated on ice for 3 minutes. The
lysate was transferred to filter columns and centrifuged for 1 minute at 18,000 X g at 12°C.
The supernatant was transferred to a collection tube and each sample underwent a further
binding step with 600uL buffer after which they were placed in spin columns and centrifuged
for a further 2 minutes. After discarding the flow through, samples were washed with 400uL
and 600uL buffers respectively and centrifuged during each step for 30 seconds at 18,000 X g
at 12°C. Finally, samples were eluted with a 5S0uL elution buffer and the purified DNA samples
were stored at -80 °C in Eppendorf tubes for further analysis.

Bacterial amplicon sequencing

To target the 16S V3-V4 hypervariable regions, standard IUPAC nucleotide nomenclature and
universal forward and reverse primers with overhang adapters were utilised on DNA extracted
samples. Amplicon polymerase chain reaction [PCR] was achieved using AMPure XP beads
[Beckman Coulter]. PCR was then performed in a 50 pl reaction mixture containing 10ng of
template DNA and 2x KAPA HiFi HotStart Ready Mix. The following thermal cycling
conditions were used: 3 min of initial denaturation at 95°C; 30 cycles each of denaturation at
95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s; and a last step at
72°C for 5 min. PCR clean up using AMPure XP beads [Beckman Coulter] to purify the 16S
V3 and V4 amplicon from free primers and primer dimer species was then achieved.

Electrophoresis was performed on the PCR amplified products using 1.5% agarose gel with
Invitrogen DNA loading dye [ThermoFisher scientific] for size verification [~550 base pairs].
The gel was then visualised under 300 nm ultraviolet light. 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; 8
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cycles each of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C
for 30 s; and a last step at 72°C for 5 min. AMPure XP beads [Beckman Coulter] were utilised
for final clean-up and the final library quantified using the Qubit® 2.0 Fluorometer and the
Qubit dsDNA HS Assay kit [ThermoFisher Scientific]. Samples were then normalised, and the
final library run on an Agilent high sensitivity chip and quantified by gPCR using the KAPA

[llumina Library quantification Kit.
Fungal amplicon sequencing

DNA amplification was performed on the ITS with primers that were ITS1-ITS2 region
specific and followed a similar protocol to Walsh et al. [2016] [8]. Primers were modified to

incorporate the lllumina overhang adaptor [ITS1F primer
S'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGGAAGT
AA 3’ and ITS2 primer

5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGATGC
3]. Polymerase chain reaction products were then treated as described in the Illumina protocol.
All samples were sequenced on the Illumina MiSeq with a 2 x 250 cycle in accordance with

[llumina sequencing instructions.

Microbiome bioinformatics

Samples were sequenced using the V3-V4 regions of the 16S rRNA gene. The 300 bp paired
end FASTQ product generated from 16S sequencing were merged using FLASH [fast length
adjustment of short reads] using default parameters [9]. 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 was performed using USEARCH v7 [64 bit] [10]. Alignment of OTUs was
performed using PyNAST [python nearest alignment space termination], a flexible tool for
aligning sequences to a template alignment [11]. Further, assigning of taxonomic ranks was

performed by using BLAST against the SILVA SSURef database release 132 [12].

Mycobiome bioinformatics
The primer pair internal transcribers, ITS1F and ITS2 were used for performing fungal
sequencing. The resulting sequencing reads were highly variable in length and were processed
using DADA2 [v1.18.0] in R, following the DADAZ2 pipeline workflow for ITS sequences
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[13]. Briefly, the reads were filtered to remove sequences with ambiguous ‘N’ bases. This was
followed by primer removal from the reads using Cutadapt [v3.5] to remove primers as
described in the dada2 ITS pipeline workflow [14]. The quality of the reads was inspected, and
the reads were further filtered and trimmed to retain reads that were minimum 50 base pair
long with default parameters. Dereplicating and merging of paired end reads was done
following the workflow, following which chimeras were removed and taxonomy was assigned

to the resulting ASVs [Amplicon Sequence Variants] using the UNITE ITS database.
Statistical analysis

The resulting BIOM and ASV table was used for further analysis with microbiome analyst CA.
Low count filtering was performed to remove features with very small counts due to
sequencing errors and was achieved at 10% prevalence filter [at least 10% of its values should
contain at least 4 counts]. Total sum normalisation aimed to address variability in sampling
depth and was carried out on samples. Data were not rarefied. Alpha diversity was assessed

using unfiltered data.

3.4 Results

Microbial variations of Sudanese fermented foods by category composition [animal, crop,

dairy, fish, and plant fermented foods]
Alpha and Beta diversity of Sudanese fermented foods

Significant alpha diversity variations could be observed between the food categories. Richness
was found to be highest in the animal, fish, and plant-based foods and lowest in the crop and
dairy-based foods [p=8.7229e-07] [Figure 2a], while Shannon index was elevated in the fish
and plant-based foods [p=0.001] [Figure 2b]. Chaol, a measure of rare genera findings was
also high in animal, fish, and plant-based foods compared to crop and dairy-based foods
[p=7.9126e-08] [Figure 2c]. Meanwhile, significant Beta diversity [p=0.001] was found
between the Sudanese fermented food categories, albeit crop and dairy categories could be seen

to share some elliptical similarities [Figure 2d].
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Figures 2a-2c:
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2a-2c: o diversity measures. 2a: Richness was highest in the animal, fish, and plant-based foods and
lowest in the crop and dairy-based foods [p=8.7229e-07]. 2b: Shannon index was highest in the fish
and plant-based foods [p=0.001]. 2c: Chaol, a measure of rare genera findings indicated animal, fish,

and plant-based foods to have the most increased o measure compared to crop and dairy based foods
[p=7.9126e-08].
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Figure 2d:

Category
Animal
Crop

I, Diairy

II Fish

Plant

Axis.2 [13.8%]
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2d: g diversity of Sudanese fermented foods highlights significant diversity between food types

[p=0.001] albeit, crop and dairy based foods shared some elliptical resemblance.

There were 1393 OTUs in the library overview with 3472282 reads. A total of 654 low
abundance features were removed based on prevalence. The number of features remaining after
data filtering were 461. Relative abundance of top genera was expressed in percentages and

evaluated under the categories: plant, crop, dairy, fish, and animal- based foods [Table 2].

In plant fermented foods [Kawal and Sigda], abundant genera included Aeriscardovia
[99.14%], Brevibacillus [96.98%], Bifidobacterium [94.42%], Pediococcus [91.27%], Bacillus
[89.11%], Enterococcus [87.41%], Corynebacterium_1 [72.22%], Enterobacter [61.36%)],
Pantoea [52.79%)], Citrobacter [51.07%], and Acinetobacter [47%)].

In crop fermented foods [sorghum and millet], the most abundant genera were found to be
Acetobacter  [96.89%], Lactobacillus  [63.87%], Kosakonia  [51.10%] and
Lachnoclostridium_5 [43.67%]. Actinomyces was similar in abundance in both the crop
[37.72%] and dairy [34.06%] fermented foods.
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Genera in most abundance in dairy fermented foods compared to the other categories were
Enhydrobacter [85.03%], Pseudomonas [68%], Streptococcus [50.15%], and Prevotella 7
[50.33%)].

In animal fermented foods, the genera in abundance included Bacteroides [98.22%],
Oblitimonas [98.86%], Kerstersia [97.68%], Peptoniphilus [87.66%], Wohlfahrtiimonas
[79.07%], Lysinibacillus [72.99%], Vagococcus [69.13%], Ignatzschineria [68.61%] and
Providencia [61.76%]. The genera Sporosarcina, Cetobacterium, Sarcina, Savagea and
Psychrobacter were found to be highly abundant in fish fermented foods at 99%, 97.23%,
91.13%, 97.11% and 62.61% abundances respectively. Aeromonas was highest in abundance
in the fish samples [56.16%] followed by dairy [24.40%] and animal fermented foods
[17.89%)].

We further found species variations between the categories of Sudanese fermented foods.
Lactobacillus ginsenosidimutans [g=0.018], was found to be highest in the animal fermented
foods, Lactobacillus acidipiscus [g=0.0099] and dextrinicus [q=0.01] were abundant in plant-
based foods, while Lactobacillus pontis were enriched in crop-based foods [q=0.008] [Figure
2e].
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Table 2: Top genera associated with Sudanese food fermentation [relative abundance in %]

Category of Sudanese food fermentation
Top bacterial genera [relative | Animal Crop Dairy Fish Plant
abundance in %]
Acetobacter 0.03% 96.89% 2.43% 0.46% 0.18%
Acinetobacter 12.67% 8.56% 5.91% 25.86% 47.00%
Actinomyces 9.02% 37.72% 34.06% 7.21% 11.99%
Aeriscardovia 0.14% 0.02% 0.14% 0.56% 99.14%
Aeromonas 17.89% 1.16% 24.40% 56.16% 0.39%
Bacillus 1.40% 7.38% 1.45% 0.65% 89.11%
Bacteroides 98.22% 0.01% 0.22% 0.27% 1.28%
Bifidobacterium 1.17% 0.14% 3.99% 0.27% 94.42%
Brevibacillus 0.28% 1.59% 1.08% 0.07% 96.98%
Cetobacterium 2.52% 0.03% 0.17% 97.23% 0.05%
Citrobacter 9.87% 8.36% 27.74% 2.97% 51.07%
Corynebacterium_1 17.51% 0.39% 1.33% 8.56% 72.22%
Enhydrobacter 0.65% 0.65% 85.03% 13.52% 0.15%
Enterobacter 5.57% 11.85% 19.55% 1.67% 61.36%
Enterococcus 1.43% 5.92% 4.20% 1.04% 87.41%
Escherichia_Shigella 27.371% 2.29% 22.70% 0.83% 46.80%
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Ignatzschineria 68.61% 0.00% 0.21% 30.34% 0.84%
Kerstersia 97.68% 0.01% 0.03% 0.06% 2.22%
Kosakonia 2.73% 51.10% 2.81% 0.58% 42.79%
Lactobacillus 0.53% 63.87% 15.49% 0.07% 20.03%
Lactococcus 12.67% 10.25% 65.98% 2.83% 8.27%
Lysinibacillus 72.99% 0.06% 0.44% 11.62% 14.90%
Oblitimonas 98.86% 0.01% 0.06% 0.44% 0.63%
Paeniclostridium 59.36% 0.59% 23.91% 15.58% 0.57%
Pantoea 9.46% 31.02% 4.90% 1.83% 52.79%
Pediococcus 0.52% 8.02% 0.12% 0.06% 91.27%
Peptoniphilus 87.66% 0.02% 0.42% 11.72% 0.18%
Peptostreptococcus 43.64% 1.11% 1.51% 50.25% 3.49%
Proteus 40.44% 0.01% 1.50% 42.70% 15.35%
Providencia 61.76% 0.02% 0.28% 34.75% 3.19%
Pseudomonas 1.72% 10.54% 68.00% 2.48% 17.26%
Psychrobacter 32.84% 0.10% 3.93% 62.61% 0.52%
Sarcina 0.31% 6.90% 1.59% 91.13% 0.07%
Savagea 2.20% 0.01% 0.53% 97.11% 0.15%
Sporosarcina 0.21% 0.01% 0.67% 99.00% 0.12%
Streptococcus 13.93% 25.84% 50.15% 5.90% 4.19%
Vagococcus 69.13% 0.45% 1.03% 22.42% 6.97%
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Figure 2e:
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2e: Animal = pink, Crop = mustard, Dairy = teal, Fish=blue, Plant =purple. Lactobacillus species

significantly varied between Sudanese fermented foods categories. Lactobacillus ginsenosidimutans
[9=0.018], was found to be highest in the animal-based foods, Lactobacillus acidipiscus [q=0.0099]
and dextrinicus [q=0.01] were abundant in plant-based foods while Lactobacillus pontis were enriched
in crop-based foods [q=0.008].
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In plant-based foods, significantly increased species included Paenibacillus lactis [q=0.025],
Franconibacter pulveris [q=0.0011], Bacillus subtilis [q=0.009], Methylobacterium populi
[g=0.009], lIsopetricola nanjingensis [g=0.009] and Cellulosimicrobium [g=0.004]. Plant
associated microbial species included Xanthomonas campetris [gq=7.8136e-7] and
Rhodococcus rhodochrous [q=0.004] [Figure 2f].

Figure 2f:

Paenibacillus lactis Xanthomonas campetris  Franconibacter pulveris Bacillus subtilis

LT

Methylobacterium populi  Isopetricolananjingensis ~ Rhodococcus rhodocrous — Cellulosimicrobium

2f: Animal = pink, Crop = mustard, Dairy = teal, Fish=blue, Plant =purple. Abundant genera and
species in plant-based fermented foods. Paenibacillus lactis [q=0.025], Franconibacter pulveris
[0=0.0011], Bacillus subtilis [gq=0.009], Methylobacterium populi [q=0.009], Isopetricola

nanjingensis [g=0.009] and Cellulosimicrobium [q=0.004]. Plant associated microbial features

included Xanthomonas campetris [q=7.8136e-7] and Rhodococcus rhodochrous [q=0.004].
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Staphylococcus gallinarum [g=0.008] was found to be abundant in both fish and plant-based
foods while Staphylococcus carnosus was abundant in fish-based foods [g=0.008]. Vagococcus
humatus [q=0.01] was abundant in several categories but most enriched in animal-based foods
while Vagococcus teuberi [q=0.009] was abundant in both fish and animal-based foods.
Corynebacterium urealyticum [q=0.004] and Sporosarcina pasteurii [q=0.009] were abundant
in fish-based products while Corynebacterium nuruki [g=0.005] were abundant in several
categories that included plant, animal, and fish-based foods. Finally, Wohlfahrtiimonas

chitiniclastica was abundant in animal and fish-based foods [q=0.03] [Figure 2g].

Figure 2g:
Staphylococcus gallinarum  Vagococcus humatus Wohlfahrtiimonas chitiniclastica Corynebacterium urealyticum
Staphylococcus carnosus — Vagococcus teuberi Sporosarcina pasteurii Corynebacterium nuruki

e ;ﬁ*'f;;" o

29: Animal = pink, Crop = mustard, Dairy = teal, Fish=blue, Plant =purple. Log fold abundance

variations between Sudanese fermented foods categories highlighting significant species variations.
Staphylococcus species included, gallinarum [q=0.008], abundant in fish and plant-based foods and
carnosus, abundant in fish-based foods only [g=0.008]. Vagococcus species included, humatus
[q=0.01], found most enriched in animal-based foods, while teuberi [q=0.009], was enriched in fish
and animal-based foods. Corynebacterium species included urealyticum [q=0.004], in fish-based foods

and nuruki [g=0.005] which was abundant in several food categories that included plant, animal, and
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fish-based foods. Sporosarcina pasteurii [q=0.009] was abundant in fish-based products while

Wobhlfahrtiimonas chitiniclastica was abundant in animal and fish-based products [q=0.03].

Metagenomic [microbiome and mycobiome] findings in relation to intra-food categorical
analysis

Sorghum and millet fermented foods

The most predominant phyla in sorghum and millet fermented foods were Firmicutes,
Proteobacteria and Cyanobacteria. The core microbiome of sorghum and millet foods
consisted of 60 genera. Twenty-seven of these genera were shared between the sorghum juice,
pancake, and the millet-based food, Damirga. Eleven unique genera were found amongst these
foods, in which two were unique to the Damirga [Lachnoclostridium_5 and Clostridium sensu
stricto 12], one to the sorghum pancake [Komagataeibacter] and eight to the sorghum juice
[Vagococcus, Sphingobacterium, Unclassified, Paracoccus, Diaminobutyricimonas,
Chryseobacterium, Paraburkholderia and Bacillus].

64% of Lactobacillus abundance was found in sorghum pancakes, 54% in fermented millet
Damirga products and 41% in sorghum juice. Acetobacter was abundant in the millet fermented

food, Damirga [17%] and sorghum pancakes [14%].

When comparing preparations and final stages of crop-based fermented foods, Acetobacter
were found to be most abundant in the preparation stages of sorghum pancakes [56.14%] while
only [1.72% and 0.53%] of Acetobacter could be found in the final sorghum pancake and juice
respectively. Sorghum and millet pancake preparations were enriched with Lactobacillus

[26.91%] while the final sorghum pancake consisted of [4.38%] Lactobacillus.

The final sorghum juice was significantly enriched with the genera, Bacillus [p=0.025],
Lactococcus [p=0.011] and Pseudomonas [p=0.015] and the species, Pediococcus acidilactici
[p=0.0042] and Lactobacillus fermentum [p=0.022].  Paraburkholderia tropica and
Cronobacter sakazakii were higher in abundance in the sorghum juice but in non-significant
variation compared to other species such as Lactobacillus fermentum [Figure 3a]. Many other
Lactobacillus species could be identified in the sorghum and millet fermented samples and
included the species ingluviei, brevis, hamsteri, amylolyticus, kefiri, and nagelii.

The millet fermented food, Damirga was found to have increased abundance of the Clostridium

species nitrophenolicum and tarantellae, and the species, Streptococcus equinus, Comamonas
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aquatica and Kosakonia radicincitans. Damirga and the final sorghum pancake shared
commonalities in harbouring the Acetobacter species; pasteurianus and tropicalis,

Lactobacillus pontis and Citrobacter sedlakii [Figure 3b].

LEfSe analysis highlighted the order Enterobacteriales and species Clostridium tarantellae as
the most distinguishing genera for Damirga fermentation while sorghum juice fermentation
could be distinguished by the genus Chryseobacterium and the Bacillus species; subtilis and
coagulans as well as the species, Pediococcus acidilactici, Lactococcus lactis, and

Stenotrophomonas maltophilia.

The most abundant fungal genera amongst the sorghum and millet foods sampled, were
Issatchenkia [45.52%] and Cyberlindnera [26.25%]. There were many unassigned fungal
genera [16.61%] while Fusarium and Blumeria were abundant at 4.51 and 3.2% respectively.
A heatmap of the most abundant fungi in fermented sorghum and millet samples is presented
in [Figure 3c]. Samples exhibited a maximum of 2-4 shared fungal genera while one sample
[F35], a preparatory sorghum juice sample had the highest number of shared fungal genera.
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Figure 3a:
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One-way Anova variations amongst sorghum and millet fermented products: Y axis = abundance total
sum scaling. X axis = sorghum and millet-based products. Red= sorghum juice, Abreh, Blue = millet
[Damirga] and Grey = sorghum pancakes, Kisra. 3a: Raised abundances of specific genera and species
amongst sorghum juice that includes Bacillus, Lactococcus, Pediococcus acidilactici, Pseudomonas,
Lactobacillus fermentum Paraburkholderia tropica and Cronobacter sakazakii. 3b: Abundances were
shared between Damirga and sorghum preparations in Acetobacter, Lactobacillus and Citrobacter

species.

Figure 3c:
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3c: Heatmap of mycobiome genera amongst fermented sorghum samples. F26, F30, F34, F,40, F41,
F52 = sorghum pancake samples. F35, F36, F42, F50, F51 = sorghum juice samples. F31= Damirga.
One sample of sorghum juice [F35] exhibited the highest abundances of five fungal genera compared

to other samples that consisted of a maximum of two to four genera.
Kawal [Cassia obtusifolia]

Predominant phyla in Kawal samples were found to be Firmicutes, Proteobacteria,
Actinobacteria and Cyanobacteria [Figure 4a]. Predominant families included
Lactobacillaceae, Clostridiaceae 1, Enterobacteriaceae, Enterococcaceae, Leuconostoceae,

Bacillaceae, and Lachnospiraceae [Figure 4b].
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Figure 4a and 4b:
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4a: Phyla composition of nine Kawal fermented food samples made from the Cassia obtusifolia plant
predominantly grown and produced in Western Sudan. Firmicutes, Proteobacteria and Cyanobacteria
are the most abundant phyla. 4b: Microbial family composition amongst Kawal samples.
Lactobacillaceae [43.85%)] were the most abundant family in Kawal after which Clostridiaceae 1

[7.36%], Streptococcaceae [6.71%] and Enterobacteriaceae [5.35%] were found.

The genera Lactobacillus [17%], Enterobacter [12%], Pediococcus [12%], Enterococcus

[10%], Bacillus [8%] and Weissella [7%] were found to be the most abundant genera in Kawal

[Figure 4c].
Figure 4c:
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4c: Relative abundance of genera found in Kawal food samples expressed in percentages. Lactobacillus
[17%], Enterobacter [12%], Pediococcus [12%], Enterococcus [10%], Bacillus [8%] and Weissella
[7%] are the most abundant genera in Kawal food type.
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Redundancy analysis revealed location of Kawal obtainment had a prominent influence on the

microbiome composition [Figure 4d].
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4d: RDA plotting of Kawal obtainment sites highlights microbiome variation is affected by Kawal origin

from Sudan.

Those samples received from Western Sudan were significantly enriched in the genera
Pseudomonas [p=0.0071], Aureimonas [p=0.0081], Pediococcus [p=0.00029], Citricoccus
[p=0.00012] and Methylobacterium [p=0.03], while those samples obtained from Khartoum
city were found to be significantly enriched in the genera, Isoptericola [p=0.043],
Pseudochrobactrum [p=0.011] and Pseudoxanthomonas [p=4e-04] [Figure 4e]. Many bacterial
species could be identified in Kawal and included the Lactobacillus species; acidipiscus,
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farciminis and plantarum, and the species, Bacillus subtilis, Weissella confusa, Pediococcus

acidilactici, Enterococcus faecalis and Citrobacter sedlakii.

Seven Kawal samples were then analysed for mycobiome composition. The most predominant
[12%], [12%0],

Saccharomycodaceae [12%], Aspergillaceae [9%], Cladosporiaceae [8%] and Dipodascaceae

families were found to be Saccharomycetales Pleosporaceae
[7%]. Over 60 fungal genera and over 90 fungal species were recognised in the Kawal samples.
The most predominant fungal genera were Issatchenkia [25%], Dipodascus [12%],
Trichosporon [9%], Saccharomyces [5%], Cladosporium [3%], Candida [2%], Aspergillus
[2%] and below 1% were the genera Alternaria and Hanseniaspora. [33%] were of unassigned
fungal genera. Fungal species found in the Kawal samples are presented in Table 3. The product

Sigda was found to be enriched in Pediococcus [44%)].

Table 3: Fungal species found in Kawal samples in association with sample abundance

One sample abundance

Two or more sample abundance

Genera with more than one species:

Candida mengyuniae, pseudorugosa

Aspergillus penicilliodes, aculeatus,

sydowii, latus

Others:

Fellomyces ogasawarensis, Macrophomina

Peronospora sparsa and Pityriasis rosea

Genera with more than one species:

Cladosporium exasperatum, halotolerans,
sphaerospermum,
Aspergillus caespitosus, quadrilineatus,

Malassezia restricta, globose

Others:

phaseolina, Ceraceosorus ~ guamensis, | Gibberella intricans, Saprochaete captata,
Podospora  prethopodalis,  Alternaria | Hypopichia burtonii, Apiosordaria
angustiovoidea, Rhizopus arrhizus, | verruculosa,  Kluyveromyces  marxianus,
Rhizomucor miehei, Emergomyces | Sporidiobolus ruineniae, Rhodosporidium
orientalis, Trichosporon insectorum, | toruioides, = Neocosmospora  falciformis,

Neotestudina rosati, Cyberlindnera fabianii,
Kodamaea ohmeri, Pichia membranifaciens,
Davidiella tassiana, Rhizomucor pusillus,
Cryptococcus laurenti, Rhodotorula
mucilaginosa,

Candida

Brettanomyces bruxelensis,

orthopsilosis, Ramaria flava,
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Meyerozyma caribbica and Saitozyma

paraflava
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Figure 4e:
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4e: Green=Darfur, orange = Omdurman and blue= Khartoum. Samples from Western Sudan were enriched in Methylobacterium, Citricoccus, Pediococcus,

Pseudomonas and Aureimonas. Samples from Khartoum city highlighted significant elevations in Isoptericola, Pseudochrobactrum and Pseudoxanthomonas
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Animal-based products
Miriss [fat sheath fermentation]

Bacteroidaceae, Planococcaceae, Halomonadaceae and Enterobacteriaceae were the most
abundant families in the fat sheath Miriss samples. After others [26%], predominant genera in
Miriss included Bacteroides [29%], Vagococcus [8%], Lysinibacillus [7%], Halomonas [7%],
Ignatzschineria [7%], Oblitimonas [5%] and Peptoniphilus [3%]. The genera with lesser
abundance throughout the Miriss samples included Proteus, Enterobacter, Streptococcus,
Vibrio, Providencia, Kerstersia, Wohlfahrtiimonas and Lactobacillus. We further assessed the
Miriss samples with regards microbiome locational variation comparing samples produced in
two cities: Omdurman and Khartoum. Significant Shannon index [>2.8, p=0.0039], richness
[>170, p=3.3e-05] and evenness [>0.55, p= 0.043] were found between samples with the Miriss
obtained from Omdurman having an increased alpha diversity compared to those samples from
Khartoum. Species detected in the Miriss included Bacteroides coprosuis, Megasphaera

cerevisiae, Vagococcus humatus and Halomonas hamiltonii.

Fungal analysis of three Miriss samples revealed an enrichment in Dipodascus [89.4%] while
genera of lower abundance included Issatchenkia [4.87%] and Trichosporon [3.59%]. Other
fungal genera in Miriss included Exserohilum, Rhodotorula, Blumeria, Cyberlindnera,

Alternaria and Fusarium.
Shermout [air-dried meat fermentation]

The Shermout was found to contain Acinetobacter [13%], unassigned taxa [12%],
Psychrobacter [7%], Myroides [6%], Aeromonas [6%] and Streptococcus [5%]. Vagococcus,
Proteus and Vibrio were present in 4-5% abundance. Triticum aestivum or bread wheat was

also found at 8% relative abundance.
Musran [fermented intestine]

The Musran had a microbiota composition predominantly consisting of Escherichia_Shigella
[29%], Paeniclostridium [24%] and Clostridium sensu stricto_1 [17%]. Musran also had high
abundances in uncultured bacterium [12%] and Streptococcus [9%]. Comparing all samples,
more than half [57.24%] of Paeniclostridium abundance in Sudanese fermented foods was

found in the Musran or fermented intestine

Fish-based products
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Kajeik
Firmicutes and Proteobacteria were the most abundant phyla in Kajeik with one sample
harbouring increased Fusobacteria. Kajeik microbiome was composed of others [29%],
Sporosarcina [17%], Savagea [13%], Clostridium sensu stricto [7%], Sarcina [6%],
Clostridium sensu stricto 4, Proteus [6%], Ignatzschineria [5%], Vagococcus [4%] and
Cetobacterium [4%]. The genera, Acinetobacter, Kurthia and Aeromonas could also be

identified in the Kajeik samples.

While only one Kajeik sample could be analysed for fungal composition, this highlighted a
unique mycobiome composition with abundances of Aspergillus [35%], Rhodotorula [11%],
Trichosporon [11%], Candida [7%], Cyberlindnera [4%], Lichtheimia [4%] and Dipodascus,
Cladosporium and Rhizopus at 3% abundance each. Fungal genera in lower abundance

included Diutina, Lasiobolidium, Podospora, Bannoa, Naganishia and Preussia.
Mendeshi

The Mendeshi samples were found to have high abundances of Acinetobacter [16%],
Cetobacterium [10%], Psychrobacter [8%], Aeromonas [7%], Streptococcus [6%],

Lysinibacillus [5%], Macrococcus [3%]. Savagea were also identified.
Faseekh

The Faseekh fish product contained significant Tetragenococcus [p=7.6e-17] which was found
in 32% abundance and Peptoniphilus [p=1.7e-07], found to be 15% abundant. Streptococcus
and Peptostreptococcus were found at 4% abundance each, while Citrobacter, Fusobacterium,
Enterobacter and Staphylococcus were at 3% abundance each in this food type. Lactobacillus
were significantly increased in this type of fish food product compared to the other forms of
fish-based fermented foods [p=0.00079].

Dairy-based products
Mish, Garis and Gergosh

There was enrichment with Lactobacillus in the Mish or deep yoghurt [86%] compared to the
Gergosh [24%] and Garis samples [10%]. Streptococcus abundance was increased in the
Gergosh [15%] and Garis samples [12%] compared to Mish [7%]. The Garis samples were
most abundant in Enterobacter [31%] as well as Enhydrobacter [11%] and Lactococcus [9%]

[Figure 5a]. In Mish, Bacillus, Aeromonas, Enterobacter and Citrobacter were found in low
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abundance. The preparatory stages of Gergosh were enriched in Lactobacillus with this trend

being lost in the final stage of Gergosh biscuit most likely due to the heat of baking.

With regards species, the Mish deep yoghurt was significantly enriched with Bacillus
thuringiensis [p=6.8e-05], Lactobacillus delbrueckii [p=0.0069] and Acinetobacter johnsonii
[p=0.00011] [Figure 5b]. Garis samples were found to be enriched in Enterobacter hormaechei
[p=0.00075], Cronobacter sakazakii [p=0.0097], Citrobacter sedlakii [p=0.05] and
Lactococcus [p=0.0029] with the species, Lactococcus lactis [p=0.05] identified [Figure 5c].
Although non-significant, samples of Gergosh dairy/legume biscuit were found to contain
Peptostreptococcus anaerobius, Enterococcus faecalis and Lactobacillus plantarum [Figure
5d].

The most abundant fungal genera in Garis samples were found to be Kluyveromyces [79.65%],
Wickerhamiella [13.09%], and Cladosporium [2.14%] while Candida comprised of only
[0.84%] abundance of the total mycobiome composition of Garis. Other fungal genera detected
in Garis included Blumeria, Saccharomyces, Issatchenkia, Papiliotrema, Tausonia,

Kazachstania, Cystobasidium, Colletotrichum and Alternaria.

Figure 5a:
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5a: Pie chart relative abundances in % of Sudanese dairy fermented samples. High enrichment with
Lactobacillus in the Mish or deep yoghurt [86%] compared to the Gergosh samples [24%] and Garis
samples [10%]. Streptococcus abundance was increased in the Gergosh samples [15%] and Garis
[12%] compared to Mish [7%]. The Garis samples were most abundant in Enterobacter [31%],
Enhydrobacter [11%] and Lactococcus [9].
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Figure 5b-5d:

5b  Bacillus thuringiensis Lactobacillus delbrueckii Acinetobacter johnsonii
p=6e-05 (Anova) p=0.0069 (Anova) p=0.00011 (Anova)

1.4 —— 0 — T —
1.2 ] 191

1.0 1 ]

08 b 0

0.6 - 10

0.4 5 L 051

0.2

0-0 'L 0 ‘L O-D L ! *
5c Enterobacter hormaechei Cronobacter sakazakii Citrobacter sedlakii

p=0.00075 (Anova) p=0.0097 (Anova) p=0.039 (Anova)

30 ——— 0.15 4 y 35 ¥
25 —— gg 1 r
20 | 0.10 1 W ]
15 — ]
101 0.05 }g |

0- * — 0.00 i# 0.0 Lttt —
5d Peptostreptococcus anaerobius Enterococcus faecalis Lactobacillus plantarum

p=0.5 (Anova) p=0.37 (Anove) p=0.49 (Anova)
D-M | *_ 1.5 T v '
T b
101 0

0 - N

001 51 51

0.00 et st st ()l =gt osmiese ] (L0 10 sessstte esssime

201




5b and 5c: Species analysis amongst dairy based fermented products: Y axis = abundance total sum
scaling. X axis = three dairy based products. red= dairy biscuit; Gergosh, blue = camel fermented
milk; Garis and grey = deep yoghurt; Mish. High abundances of Bacillus, Lactobacillus and
Acinetobacter species in deep yoghurt while Garis camel milk samples were enriched with other
microbial environments that included Enterobacter, Cronobacter and Citrobacter species. 5d:
Although significance was not detected, dairy biscuit samples had increased abundances of
Peptostreptococcus, Enterococcus and Lactobacillus species.

Combu

While the Combu is un-fermented, it is utilised commonly during Sudanese fermented food
preparation to improve taste and further prevent food spoilage. One sample of Combu was
analysed in this study which was found to be enriched in Lactobacillus [23%], Streptococcus
[14%], Enterobacter [10%] and Citrobacter [10%].

3.5Discussion

In this study, we have characterised the bacterial and fungal composition in the largest group
of Sudanese fermented foods analysed to date through next generation Illumina sequencing.
We have shown a diverse range of microbial composition associated with these foods with
significant alpha and beta diversity that allows them to predominantly benefit consumers but
may also harbour pathogenic viability. Around 60% of Sudanese fermented foods are described
as famine or survival foods however from our findings, these foods have many other

consumption benefits [2].

Crop-based foods were found to be enriched in the genus Acetobacter [96.89%] which oxidise
ethanol to acetic acid and are commonly associated with back-slopped fermented foods such
as sorghum and millet [15, 16]. Plant-based foods were found to be enriched in Aeriscardovia
[99.14%], a butyrate producing genus associated with fermentation of food waste [17] while
dairy-based foods were abundant in Enhydrobacter [85.03%] a genus that can tolerate
extremely low Ph [18]. Animal-based foods were abundant in Bacteroides [98.22%], a genus
associated with late stages of fermentation [19] but are not commonly reported in fermented
foods while Sporosarcina [99%] were enriched in fish-based foods, a genus previously
isolated from other fish fermented foods from other areas of the world [20].

Sorghum and millet are the most abundantly used crops in Sudan due to their ability to survive

drought climates [21], [22] but they continue to gain worldwide use due to their gluten-free
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properties [23]. Sorghum is low in fat and high in fibre, protein [essential and non-essential
amino acids], minerals such as potassium and phosphorous and vitamins such as thiamine and
riboflavin. Sorghum pancakes, Kisra have formed the staple diet of Sudanese families for
centuries and contribute up to 85% of total energy consumption [24] but only 15% of protein
intake [25].

Their production is often initialised by a 10% starter culture that is added to new dough and
fermentation is allowed to take place often for a period of 12-19 hours [26]. In a study by
Mustafa et al. [2009], the Lactobacillus species; brevis, amylovorus and fermentum and
Saccharomyces cerevisiae were dominant genera in starter cultures in sorghum pancake [27].
In other studies, the fungi, Candida intermedia and Debaryomyces hansenii were found to be
part of the preparatory stages of sorghum pancake [28] while Hansenula, Pichia, Trichosporon

and Yarrowia have also been reported at this stage [26].

During the initial stages of sorghum fermentation, lactic acid bacteria and yeasts work
synergistically, the latter providing vitamins and other growth factors required by bacteria to
grow but towards the end of fermentation, acetic acid bacteria predominate [28]. In Damirga
fermentation, lactic acid bacteria are also abundant [28] but other genera reported have
included Corynebacterium and Streptococcus as well as the fungi Fusarium and Cladosporium
[29, 30].

Through fermentation, sorghum related foods obtain antimicrobial and antioxidant activity [31]
while their digestibility is considerably enhanced in the gastrointestinal tract [21]. Metabolites
produced during sorghum fermentation inhibit and suppress the growth of pathogenic bacteria
[32]. Polyphenolic compounds such as tannins in sorghum and phytic acid found in millet are
reduced during fermentation by Lactobacillus which further increases the bioavailability of
nutrients in these products [33] [22]. The fermentation of sorghum decreases fat and
carbohydrate which are utilised by the microbiota [34] but increases in starch were found after
the fermentation of Damirga [22]. Millet flour is a rich source of niacin, riboflavin, and
thiamine as well as calcium. Fermentation reduces potassium, sodium, and iron levels in millet

[22] but has been shown to raise magnesium and manganese levels [35].

The high acidity achieved by fermentation also provides the sour taste that is desired by the
many consumers of these foods. Similar to our findings, Firmicutes and Proteobacteria were
the most abundant phyla in a pyrosequencing based study of sorghum fermented foods of

Sudan [7]. Mohamed et al. [1991], isolated Lactobacillus brevis, Klebsiella pneumoniae and

203



the fungi Candida intermedia and Aspergillus from fermented sorghum foods in Sudan [36]
while Hamad et al. [1992], detected the Lactobacillus species; reuteri, fermentum and
amylovorus and the fungus, Candida krusei [25]. In another study, Pediococcus were the most
dominant lactic acid bacteria in Kisra [37] while Lactococcus, Enterococcus faecalis, and
Lactobacillus helveticus were abundant in another study [38]. Other Lactobacillus species such

as zeae and coleohominis have also been detected in sorghum fermented preparations [7].

We also found an extensive array of Lactobacillus species in both sorghum and millet
fermented products that included the species; lactis, fermentum, ingluviei, brevis, hamsteri,
amylolyticus, kefiri, and nagelii, while the abundant fungi in sorghum foods in this study were
Issatchenkia and Cyberlindnera. Fungi detected in other studies from sorghum fermented foods
included Rhizopus, Alternaria, Penicillium, Gibberella, Lasiodiplodia and Aspergillus [7] but
similar to our findings, great variations generally exist in the sorghum fungal microbiome [7].
Issatchenkia, found to be the most abundant [45.52%] in our samples has also been detected
from other African fermented foods as well as in starter cultures [39] while in Sudan, they
comprise an important part of the fermented camel’s milk, Garis microbiome [40]. Presence of
Issatchenkia in Kisra has also been reported to improve the growth of Lactobacillus species

and they contribute to its taste and nutritional value through the production of amino acids [41].

The baking of sorghum pancakes is short, not exceeding 15-20 seconds, allowing them to keep
their moisture but also retain many bacterial spores. Their acidic environment further
encourages the activation of bacterial endospore germination. However, Lactobacillus
abundance was found to be lost in the final sorghum pancake in this study, largely due to baking
with only 4.38% of Lactobacillus abundance appreciated at the final stage compared to 26.91%
during the preparatory stages. The baking of sorghum pancakes increases the amino acids
asparagine, threonine, valine, isoleucine, leucine and serine but decreases cysteine, lysine,

tryptophan and phenylalanine [24].

We further found microbial variation between the sorghum pancakes, Kisra, sorghum juice,
Abreh and millet flour and drink, Damirga. We found the Damirga to have increased
abundances of the Clostridium species nitrophenolicum and tarantellae, Streptococcus
equinus, Comamonas aquatica, Kosakonia radicincitans and Enterobacteriales. In other
studies, the Lactobacillus species; plantarum and fermentum, Acetobacter and the fungus

Kluyveromyces, have been isolated from Damirga [28].
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Clostridium species have been isolated from sorghum fermented foods in one study, while in
our findings, Clostridium were appreciated in millet fermented foods [7]. Clostridium species
found in our samples have not been previously detected in Sudanese fermented foods and are
associated with enhanced ethanol production [42]. Comamonas and Kosakonia both detected
in the Damirga samples may be regarded as pathogenic additions to the microbiome of Damirga
where Comamonas aquatica has recently been identified as a potential contributor to
gastrointestinal pathology [43] and Kosakonia radicincitans have been associated with

bloodstream infections [44].

The sorghum juice, a singular production to Sudan was most unique with eight genera
distinguishing sorghum juice. Spices such as nutmeg, cinnamon and ginseng are added mid-
way in the fermentation process affecting the microbiome. After the addition of spices, lactic
and acetic acid bacteria as well as yeasts reduce in counts, genera such as Corynebacterium
and Actinobacillus are stimulated to grow while Staphylococcal growth is inhibited [45]. In our
findings, sorghum juice could be distinguished by the genus, Chryseobacterium, the Bacillus
species; subtilis and coagulans and the species Pediococcus acidilactici, Lactococcus lactis
and Stenotrophomonas maltophilia. Actinomyces were also found to be abundant in the final
sorghum juice compared to the other samples in this study. In other studies, Streptococcus,
Leuconostoc and Pediococcus [45] have been found to be enriched in sorghum juice while
Yousif et al. [2010], found the species, Pediococcus acidilactici, to distinguish another similar
product to sorghum juice ‘Hussuwa’ also produced in Sudan [4]. The presence of this species
has been found in various types of sorghum flour [46] while Chryseobacterium is a genus found
to contaminate several flours including wheat and rye [47]. While Stenotrophomonas
maltophilia have been shown to produce the antifungal compound, maltophilin, they are also
regarded as newly emerging pathogens with intrinsic resistance to many antibiotic families [48,

49].

We analysed the fermented camels milk, Garis and the deep yoghurt, Mish which are said to
be vital indigenous foods of Sudan [50]. Garis is commonly consumed amongst camel herders
but is increasingly being sold in city markets as an alleviator of the symptoms of autism,
leishmaniasis, hepatitis C, tuberculosis, diabetes, anaemia, and even cancer [50]. Garis also
features healthy fatty acids and has been shown to reduce cholesterol levels [28, 51]. It contains
a higher ethanol content compared to the other fermented dairy products of Sudan [52]. Its low

casein content allows it to neither set nor undergo curdling easily.
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Previous reports have found several Lactobacillus species in Garis that include acidipiscus,
bulgaricus, delbrueckii, fermentum, helveticus, hordinae, paracasei, plantarum, rhamnosus
and raffinolactis as well as Lactococcus lactis and Streptococcus infantarius. In this study we
found the Garis product to be the least enriched Sudanese dairy-based fermented food with
Lactobacillus [10%] compared to the Mish or deep yoghurt [86%]. Other genera in Garis in
this study were Enterobacter [31%], Enhydrobacter [11%] and Lactococcus [9%].
Lactococcus has been identified as one of the predominant bacteria in camel milk from other
countries [53] while Enterobacter, from the family Enterobacteriaceae are an important
indication of contaminated meat and dairy foods [54]. The highly ethanol tolerant species
Enterobacter hormaechei has also been detected in other forms of fermented drinks from
around the world, similar to our findings [55, 56]. Other species in the Garis microbiome
included Cronobacter sakazakii, which can be a life-threatening food-borne pathogen [57] and

Citrobacter sedlakii.

Fungi reported in Garis include Saccharomyces and Candida [28] [45] [58] [59] [60]. In line
with our findings, the fungus, Kluyveromyces [79.65%] was found to be abundant in Garis [40,
61] after which Wickerhamiella [13.09%] followed in abundance. Kluyveromyces is an
important dairy yeast which can produce large amounts of ethanol and is heat tolerant [62]
while some Wickerhamiella species produce sophorolipids which harbour anticancer activity
[63].

The deep yoghurt, Mish is a fermentation product that can be said to contain two stages of
fermentation whereby an already fermented product; ‘Rob’ is re- fermented with fresh milk
until it resembles a soft cheese or a ‘deep yoghurt’ consistency. Some studies have advocated
the contamination of Mish by coliform and psychrotrophic bacteria, Staphylococcus as well as
yeasts and moulds [64]. In this study we found the Mish sample to be significantly enriched in
Bacillus thuringiensis, Lactobacillus delbrueckii and Acinetobacter johnsonii. Bacillus
thuringiensis grow well in the semi-solid state of Mish [65] and has been isolated from cheese
samples from Turkey [66], fermented locust beans from Africa and soybeans from India [67].
Its significant abundance in Mish in Sudan may have potential benefits such as cytotoxic
activity against cancer cells [68] while other species such as Acinetobacter johnsonii harbour

extensive antibiotic resistance [69].

We also analysed the Gergosh dairy/legume fermented biscuit which has received limited
attention in the literature. Peptostreptococcus anaerobius, Enterococcus faecalis and
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Lactobacillus plantarum were detected during the preparation stages while Streptococcus were

abundant in this food type.

Kawal, fermented from the Cassia obtusifolia plant had by far the most enriched microbiome
profile amongst all Sudanese fermented foods. Kawal contains sulphur amino acids such as
cysteine and methionine, a unique finding in plant foods [70], adding considerably to its
nutritional value. Kawal has been shown to prevent malnutrition and the development of
Kwashiorkor disease during times of famine in Sudan [71]. Protein loss is further prevented by
the reincorporation of ammonia during fermentation. Riboflavin, iron, vitamin C and beta
carotene are enriched in Kawal while calcium is particularly high [70]. Nutrients such as
magnesium, manganese and zinc increase after fermentation as well as butyric and acetic acids.
The fermentation process of Kawal considerably improves its palatability and shelf-life without

spoilage [72].

The microbiota of Kawal has previously been reported to be composed of Propionibacterium,
Bacillus subtilis, Lactobacillus plantarum and Staphylococcus sciuri while fungi detected have
included Saccharomyces, Rhizopus and Candida krusei [45, 70, 73, 74]. Microorganisms in
Kawal originate from the leaf, particularly as an important step in its production is that leaves
remain unwashed, however utensils, air, humans, and animals, could also contribute to its
microbial composition. A unique aspect of Kawal fermentation is the buffering capacity that
occurs during its formation where the pH in Kawal remains between 6-7 and may even become
alkaline. This is an important factor in its rich abundance of microbial content and has been
associated with key species such as Bacillus subtilis [75]. We found an abundance of
Lactobacillus, Bifidobacterium, Pediococcus, Acinetobacter, Aeriscardovia, Citrobacter,
Enterobacter, Enterococcus, Weissella, Bacillus and Brevibacillus in the Kawal samples

analysed in this study.

Indeed, Kawal had a high composition of Lactobacillus [17%] after which an abundance of
Enterobacter [12%] and Pediococcus [12%] could be appreciated. Furthermore, the
Lactobacillus species in Kawal were found to vary from the other foods included in this study
such as Lactobacillus acidipiscus and farciminis but plantarum was also detected.
Lactobacillus acidipiscus has been isolated from both African and Asian fermented fish [76,
77] as well as the fermented camels milk, Garis [60]. Pediococcus acidilactici also found in
other Sudanese fermented foods and Bacillus subtilis were abundant in Kawal, a finding similar

to other studies [78, 79]. Both Lactobacillus farciminis and Pediococcus acidilactici have
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shown inhibitory activity against Listeria monocytogenes [80] while Lactobacillus farciminis

has shown extensive antioxidant activity [81].

Plant-based fermented foods predominantly Kawal were unique in their high Bifidobacterium
abundance [94.42%] compared to the other Sudanese fermented food categories but also
contained the highest abundance of Escherichia-Shigella [46.08%]. A large diversity of fungal
genera and species were further detected in Kawal and are presented in [Table 2].

Sigda, a product obtained from sesame indicum seed fermentation was found to be rich in
Pediococcus [44%] similar to other reports [70] but unlike other studies, Streptococcus and
Bacillus, the latter associated with spoilt Sigda, were not abundant [70]. While no fungal
analysis was achieved in the Sigda sample in this study, Debaryomyces, Torulopsis, Candida

and Saccharomyces have been detected from previous literature [70, 82].

Fish in the diet of the Sudanese is a major source of protein and energy for many of the
population. Faseekh [salted moist fermented fish] is made from pebble or tiger fish from the
Characidae family utilised due to their leanness and lesser fat content [83]. Fat is an undesired
property to some fermented fish products due to its ability to hasten the liquefaction process
and cause putrefaction. Kajeik is a sun-dried fermented produce from the fish genera, Clarias,
Heterotis or Auchenoglanis [84], while Mendeshi are smaller in size and are produced from
the Mormyrus fish species [45]. The fish type utilised in the production of fish fermented foods
is said to influence the final microbial composition. Abundances in Tetragenococcus [32%]
and Peptoniphilus [15%] found in the Faseekh sample. Tetragenococcus species are salt-
tolerant and contribute to a high amino acid content, improved taste and reduced spoilage [85,
86]. Interestingly, in a case report by Hsieh et al. [2022], Peptoniphilus were cultured from a
pharyngeal infection involving a fish bone impaction in a 52 year old male [87]. Peptoniphilus
abundance in our Faseekh fermented fish sample may indicate that fish bones are a source for
this genus. Staphylococcus [3%] have previously been reported in the microbiome of Faseekh

samples, likely due to exterior contamination [83].

In this study Kajeik was found to be abundant in Sporosarcina [17%], Savagea [13%], Sarcina
[6%], and Proteus [6%]. The fungal composition was abundant in Aspergillus [35%],
Rhodotorula [11%] and Trichosporon [11%]. Previous studies have isolated
Enterobacteriaceae and Streptococcus from Kajeik as well as the fungi, Aspergillus, Alternaria
and Penicillium [84]. Mendeshi samples were found a differing microbiome abundance that
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included Acinetobacter [16%], Cetobacterium [10%], Psychrobacter [8%], Aeromonas [7%]

and Streptococcus [6%].

Sporosarcina and Psychrobacter are regarded as salt-tolerant bacteria previously isolated from
Korean fermented seafood [20, 88]. Cetobacterium, found uniquely to Sudanese fish samples
are strongly associated with the gut of freshwater fish [89, 90] and have vitamin producing
properties [91]. Lysinibacillus [5%] detected in the Mendeshi samples have been isolated from
the large intestine of freshwater fish and have shown antimicrobial potential [92]. Our results
are also consistent with fish associated genera reported from dried and smoked fish in the

Cameroon and that have included Lysinibacillus, Macrococcus and Kurthia [93].

While fish fermented foods of Sudan are low in fat, Miriss fat sheath on the other hand is a
product with a high saturated fat content. During fermentation, lipolysis occurs modifying the
fats firmness and coherency to a soft and mellow consistency. While Miriss fermentation
occurs predominantly under anaerobic settings it is also exposed to aeration, stimulating
enzymatic activity, and producing its peculiar taste. Bile acids are also known to be added by
some Miriss producers to prevent the growth of anaerobic bacteria while the addition of Combu

[potash] [1] achieves the bright white colour of Miriss while also offering bactericidal activity.

The Miriss is known to be a rich source of protein and fat but its microbiota has not been
previously reported [1]. Bacteroides the most abundant genus in this food type [29%] are
capable of breaking down macromolecules in the anaerobic settings found in the Miriss
environment [94]. We further detected the species, Bacteroides coprosuis, Megasphaera
cerevisiae, Vagococcus humatus and Halomonas hamiltonii in Miriss and found an abundance

in the fungus Dipodascus [89.4%] in this fermented food product.

Along with Miriss, the Musran [fermented intestine] has not been previously investigated for
its microbiome composition. Musran is another product of Sudanese animal fermentation that
turns hard, while the fat covering the intestines undergoes darkening during drying. Musran
was found to be abundant in Escherichia_Shigella [29%], Paeniclostridium [29%] and
Clostridium sensu stricto 1 [17%] as well as Streptococcus [9%]. In the Shermout or air-dried
meat, there was an enrichment of Acinetobacter [13%], Psychrobacter [7%], Myroides [6%]
and Aeromonas [6%]. Unlike other studies however, we could not detect Lactobacillus in
Shermout [95]. Interestingly, the Shermout contained an [8%] abundance of Triticum aestivum

[bread wheat] likely added to produce a cheaper product.
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One sample of Combu or potash was analysed in this study which is known to be added to
many Sudanese fermented foods. Combu was found to be enriched in Lactobacillus [23%],
Streptococcus [14%], Enterobacter [10%] and Citrobacter [10%]. This addition from Combu
to Sudanese fermented foods could add further benefit to the final food’s composition.

Conclusion

While some communities in Sudan have come to favour a more Westernised or international
diet, this study has shown that the microbiome and mycobiome composition of Sudanese
fermented foods may contribute to numerous positive health benefits that should be appreciated
but be better developed. Lactic acid bacteria isolated from Sudanese fermented foods have been
found to harbour antimicrobial activity against Staphylococcus aureus and Escherichia coli
[5], while Lactobacillus isolates from the fermented camel milk, Garis and air-dried meat,
Shermout, have previously shown potential in the treatment of urinary tract infection [60, 95].
The Kawal fermented product has been shown to have considerable anti-fungal activity against
the endemic disease of Sudan, Madurella mycetomatis [96] and was by far the most enriched

food product in microbiome and mycobiome composition.

On the other hand, Sudanese fermented foods require better development in their preparation
to prevent food contamination. Previous studies have shown pasteurisation to considerably
improve the shelf-life of Garis for example but this process remains under-utilised amongst its
consumers [97]. Other studies have highlighted that Sudanese fermented food products such as
Mish or deep yoghurt are a hazardous source of pathogenic bacteria [98] while in this study we
found several pathogens amongst these foods that included Escherichia_Shigella,
Wohlfahrtiimonas and Ignatzschineria. Furthermore, Aflatoxin contamination in Sudanese
fermented foods maybe associated with the fungal genera, Alternaria, Aspergillus, Fusarium
and Penicillium [99].

Nevertheless, the rich abundance of lactic acid bacteria and fungi found throughout these foods
have the potential to be technologically viable in many future applications that can improve
both food safety and security in Sudan [100]. Lactobacillus, Bifidobacterium, Bacillus and
Pediococcus, were all found to be enriched in varying abundance throughout Sudanese
fermented foods and are an invaluable addition to global probiotic marketing. Fungal genera
such as Rhizopus and Aspergillus found in this study are regarded as principal components in
many worldwide fermentation products [101]. Future research is necessary to understand the
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full probiotic potential that the microbiome and mycobiome offers in Sudanese fermented
foods [2, 102-104].
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4.1 Abstract:

There are an estimated 6-10 million smokeless tobacco [Toombak] users in Sudan, the
majority being males. Toombak is known to be a carcinogenic product that is likely to
modify the oral microbiome spatiality into a high-risk potential for the development

and progression of oral cancer, but previous studies are lacking in this field.

Here, we endeavour for the first time the exploration of the oral microbiome in key
mucosal areas of the oral cavity and assess the microbiome variations in premalignant
and oral squamous cell carcinoma [OSCC] samples from both users and non-users of
Toombak. 16S rRNA sequencing was performed on DNA obtained from pooled
saliva, oral mucosa and supragingival plague from 78 Sudanese users and non-users
of Toombak, aged between 20-70 years. In 32 of the pooled saliva samples, the
mycobiome [fungal] environment was analysed through ITS sequencing. Then, 46
formalin-fixed paraffin-embedded samples of premalignant and OSCC samples were

collected, and their associated microbiomes sequenced.

The oral Sudanese microbiome was found to be enriched in Streptococcaceae, but
Staphylococcaceae were significantly more abundant amongst Toombak users.
Genera enriched in the oral cavity of Toombak users were Corynebacterium_1 and
Cardiobacterium while in non-users, Prevotella, Lactobacillus and Bifidobacterium
were prominent. Aspergillus was the most abundant fungus in the mouths of Toombak
users with a marked loss of Candida. The genus Corynebacterium_1 was abundant in
the buccal, floor of the mouth and saliva microbiomes as well as oral cancer samples
from Toombak users indicating a possible role for this genus through the early stages
of cancer development. An oral cancer microbiome favouring poor survival and
metastasis in those who use Toombak emerged that includes the genera

Stenotrophomonas and Schlegelella.

Those utilising Toombak carry an altered oral microbiome that may be an additional
risk factor for its carcinogenicity to the oral structures with significant microbiome
modulations a newly emerging key driving factor of oral cancer development and
progression in Toombak users. Toombak users also carry an oral cancer microbiome

that may increase the potential for a poorer prognosis.
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4.2 Introduction

Smokeless tobaccos harbour bacterial and fungal entities that can allow for
microorganisms to reside in the oral cavity and their mucosal surfaces which are not
normal of the typical oral microflora. These oral mucosal surfaces are further impacted
by salivary pH, flow of saliva and oral hygiene and along with smokeless tobacco use

can have a varying impact on the localised keratinised and non-keratinised tissue.

An example of smokeless tobacco is ‘Toombak’, used predominantly by Sudanese
males that is produced from the plant, the Nicotiana Rustica. Leaves are harvested,
subjected to fermentation and sodium bicarbonate is added to improve the taste and
bioavailability of nicotine in the final product. Through these processes, Toombak has
been found to carry potently elevated quantities of carcinogenic compounds that
include but are not limited to tobacco-specific nitrosamines, formaldehyde, and
acetaldehyde [1, 2]. Iron is also found to be abundant in Toombak and may be involved

in tumour development including oral squamous cell carcinoma [OSCC] [3, 4].

Indeed, OSCC is a disease that in Sudan has been primarily attributed to Toombak use
[5]. The oral microbiome of smokeless tobacco users has been shown to be modelled
into a dysbiotic state as early as four weeks from tobacco use initiation [6, 7].
Smokeless tobacco use can lead to histological changes in the oral epithelium within
just two days of its use, causing inflammation and ulceration [8, 9]. The roughened
texture of smokeless tobacco products, including Toombak is also a factor in
supporting the survival of many of the microorganisms in these products.

Furthermore, smokeless tobacco use has been shown to modify the immune response
through the elevation of Interleukins 1 and 2 and the reduction of macrophages,
interferon vy, and interleukin 10 in local smokeless tobacco placement sites [8].
Smokeless tobacco use is further said to activate the oncogenic RAS gene and help in
the upregulation of the oxidative stress pathways; ASK1, JNK 1 and 2 and p38 [9].
Toombak users who develop OSCC were found to have increased p53 mutations,
novel mutations in exons 5,6 and 7 [10] and an increased expression in keratins 13,14

and 19, that relate to abnormal proliferation and maturation of keratinocytes [11].

The relationship between the oral microbiome and cancer development has in the last
decade been continuously interrogated, albeit with a narrower or absent insight from

developing countries [12]. Culture studies from Sudan have highlighted enriched
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Bacillus growth from the buccal mucosa of Toombak users [6]. On the other hand,
Mohamed et al. [2021] identified Malassezia as a favourable predictor of survival

amongst Sudanese OSCC patients [13].

This study serves to analyse the oral cavity microbial spatiality of the Sudanese,
including smokeless tobacco users [a high risk cohort for oral cancer development]
through metagenomics sequencing approaches while also helping to understand the

implications that Toombak use brings post-OSCC development.

4.3 Materials and Methods
Sample collection

Ethical approval was first sought and obtained from the Sudanese ethics committee at
National Ribat University Sudan and the Cork Ethics Committee, Cork, Ireland. All
experiments were performed in accordance with relevant names guidelines and

regulations. Informed consent was obtained from all participants.

Inclusion criteria included those participants with good oral care, inactive periodontal
disease, a controlled caries mouth and absence of any other dental infection. Following
consent, participants did not eat or drink for at least 1 hour before sample collection.
In the smokeless tobacco group, oral swab samples were obtained at least 1 hour after
disregarding the most recent tobacco dip. Exclusion criteria included local conditions
such as those with active periodontal disease, caries and periapical infection and
systemic factors such as recent antibiotic use [< three months] and unstabilised

conditions.

We achieved the collection of 72 pooled saliva, 71 supragingival plaque and 272 oral
mucosal swab samples from 78 Sudanese participants. These were further categorised
into 47 Toombak smokeless tobacco users and 31 non-users aged 20-70 years of age.
While all Toombak users were male, in the non-user group, 18 participants were
female. Pooled saliva was collected by asking the patient to remain seated, holding a
sterile disposable polypropylene Falcon® [110ml] container and up to 5ml of saliva
was pooled. Oral mucosal swab samples were collected by applying Puritan®

Diagnostic Swabs to the required mucosal location with gentle rubbing for 10 seconds.

Supragingival plague samples were obtained using a sterile probe which was stored in

Puritan® Diagnostic Swabs for upstream analysis. The mucosal swabs were collected
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from two keratinised [dorsum tongue and hard palate] and two non-keratinised
locations [floor of the mouth and buccal mucosa]. Seventy-one buccal swabs [from 26
non-users and 45 Toombak users], 67 floors of the mouth swabs [from 22 non-users
and 45 Toombak users], 61 hard palate swabs [from 23 non—users and 38 Toombak
users], and 73 dorsum tongue swabs [from 26 non-users and 47 Toombak users] were

obtained. Figure 1A summarises the metagenomic oral sample collection in this study.

Figure 1A: 78 Sudanese participants — Metagenomic oral samples flow diagram

78 Sudanese participants — Metagenomic oral samples flow diagram

‘ 47 Toombak users ‘ A_‘L ‘ 31 Non-Toombak users ‘

Pooled (whole) : 16S rRNA .
saliva . ‘ 44 saliva ‘ sequencing ‘ 29 saliva ‘
Total: 73 samples i L L
‘ 19 saliva samples for ITS protocol ‘ ‘ 13 saliva samples for ITS protocol ‘
Supragingival
plaque . ‘ 47 Supragingival plaque ‘ ‘ 24 Supragingival plaque ‘
Total: 71 samples

45 Buccal swabs 26 Buccal swabs

‘ 45 Floor of the mouth swabs ‘ ‘ 22 Floor of the mouth swabs ‘
Oral mucosal

swabs b

Total: 272 38 Palatal swabs 23 Palatal swabs

samples

‘ 47 Tongue swabs ‘ ‘ 26 Tongue swabs ‘

Grey = 165 rRNA sequencing Green = TS fungal sequencing protocol

1A: Participant samples were categorised into saliva, supragingival plaque and oral mucosa
swabs

Storage and transfer

Samples were stored in an iced cooler transport box and transferred to a - 80 °C freezer
in the laboratory at National Ribat University, Sudan. Finally, samples were shipped
to Cork, Ireland on dry ice.

Collection of formalin-fixed paraffin-embedded oral cancer and premalignant
tissue samples

Forty-six formalin-fixed paraffin-embedded samples were collected [from 43 OSCC,
two premalignant lesions [Leukoplakia] and one non- premalignant condition]. The
OSCC samples were further delineated as eight moderately differentiated and 35 well
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differentiated OSCC samples. Samples were sourced from 29 males and 17 females,
aged between 30-70 years of age. Twenty-six samples were from non-Toombak users
and 19 were from Toombak users. Figure 1B summarises the metagenomic
premalignant and oral squamous cell carcinoma samples collection flow obtained in
this study. To yield optimum DNA from paraffin-embedded samples, we used 10um
thickness to slice sections with the first 2-3 sections being discarded. Eight sections
were used for each sample. All formalin fixed paraffin embedded tissue samples were
no longer than three months old from fresh sample preparation and samples were
collected pre-cancer treatment. This time length was kept consistent to exclude any
bias that could be introduced by time variations. Sections were immediately placed in

sterile 2ml Eppendorf tubes.

Figure 1B: Premalignant and oral squamous cell carinoma Metagenomic flow
diagram

46 Premalignant and Oral squamous cell carcinoma (OSCC)— Metagenomic flow diagram ‘

19 Toombak users ‘ A_‘L ‘ 26 Non-Toombak users ‘ h 1 Non-Toombak
user

‘ 165 rRNA sequencing l
| 1 non-cancer
‘ 2 Premalignant samples ‘ related control
h ‘ Leukoplakia samples

‘ 43 0SCC samples ‘
Moderately
differentiated 4 moderately 4 moderately
samples 1 | differentiated samples differentiated OSCC
Total: 8 samples L
Well differentiated
samples 4 | 16 well differentiated 19 well differentiated
Total: 35 samples 0scc 0scC

Grey = 165 rRNA sequencing

1B: Samples were achieved from formalin fixed paraffin embedded tissues of premalignant,
oral cancer and non — cancerous [control] sample

Metagenomic analysis
DNA extraction of pooled saliva, mucosal swab, and plaque samples

DNA extraction of samples was achieved by the DNeasy Powersoil Pro Kit
[QIAGEN®, Hilden, Germany]. Eluted DNA was transferred to sterile Eppendorf
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tubes and frozen at - 80°C for further analysis. Swabs were first cut using a sterile
scissor which allowed placement or dissolvement of samples in DNA extraction
tubes. Swabs were removed after vortexing during the first stage of DNA

extraction.

DNA extraction of formalin-fixed paraffin-embedded oral cancer and

premalignant tissue samples

Here, QlAamp® DNA formalin-fixed paraffin embedded [FFPE] tissue Kit
instructions were followed. Briefly, in a microcentrifuge tube, xylene was placed with
each sample to remove paraffin and centrifuged at full speed for two min, after which
1 ml of ethanol was added to remove the Xxylene. Samples were vortexed and
centrifuged to remove residual ethanol, maintaining the pellet. Tubes were incubated
at 37 °C, resuspended in 180ul tissue lysis buffer and 20ul proteinase K was added to
overcome the inhibitory effects caused by formalin crosslinking of nucleic acids. All
buffers were prepared according to the manufacturer’s instructions and equilibrated to
room temperature before protocol initiation. Samples were incubated at 56 °C for one
hour and 90 °C for another hour. The incubation in the latter temperature reverses the
modification of nucleic acids by formaldehyde. DNA extraction continued by adding
200ul lysis buffer and vortexing until reaching a homogenous lysate. QlAamp®
MinElute columns were used to allow for the purification of high-quality DNA from
the lysate and centrifuged at 6000 X g [8000 rpm] for one minute. This step was
repeated until all lysates had passed through the columns, and the QIAamp® MinElute
columns were empty. 500 pl of wash buffer was added and samples centrifuged for
one minute at 6000 X g [8000 rpm]. Columns were placed in a clean 2ml collection
tube, flow-through discarded and centrifuged at high speed; 20,000 X g [14,000 rpm]
for 3 min to ensure all ethanol was removed. Finally, columns were placed in clean
1.5ml microcentrifuge tubes, incubated at room temperature for 5 minutes in 50ul
buffer and then centrifuged for 1 minute to yield the final product at 20,000 X g

[14,000 rpm]. Samples were stored at -80 °C for upstream analysis.
Amplicon sequencing

The Illumina Metagenomic Sequencing Library Preparation protocol for 16S rRNA
gene library preparation was followed. Briefly, PCR was performed on DNA extracted

samples using AMPure XP beads [Beckman Coulter], universal forward primers and
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reverse primers with overhang adapters, following standard IUPAC nucleotide
nomenclature, to target the 16S V3 — V4 hypervariable regions. PCR was then
performed in a 50 puL reaction mixture containing 10 ng of template DNA and 2x
KAPA HiFi HotStart Ready Mix. The following thermal cycling conditions were used:
3 min of initial denaturation at 95°C; 30 cycles each of denaturation at 95°C for 30 s,
annealing at 55°C for 30 s, and elongation at 72°C for 30 s and the last step at 72°C

for 5 min.

PCR clean-up was achieved with AMPure XP beads [Beckman Coulter] to purify the
16S V3 and V4 amplicon from free primers and primer dimer species. Electrophoresis
was performed on the PCR-amplified products using 1.5% agarose gel with Invitrogen
DNA loading dye [ThermoFisher Scientific] to verify the expected size at 550 base
pairs. The gel was then visualised under 300 nm ultraviolet light. 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; 8 cycles each of denaturation at 95°C for 30 s, annealing
at 55°C for 30 s, and elongation at 72°C for 30 s; the last step at 72°C for 5
min. AMPure XP beads [Beckman Coulter] were utilised for final clean-up, and the
final library was quantified using the Qubit® 2.0 Fluorometer and the Qubit dsDNA
HS Assay kit [ThermoFisher Scientific]. Samples were then normalised, and the final
library run on an Agilent high sensitivity chip and quantified by qPCR using the
KAPA lllumina Library quantification kit.

In addition, the saliva samples of 13 non-users and 19 Toombak users were processed
for ITS gene sequencing. This was prepared with a similar method to the 16S rRNA
gene protocol and followed the methods described by Walsh et al [14]. The primers
were specific to the ITS1-1TS2 regions of the ITS gene and included the Illuminas

overhang adaptors [ITSF1 primer 5'
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGG
AAGTAA 3 and ITS2 primer 5’

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCG
ATGC 37.

Bacterial bioinformatics analysis
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For bacterial analysis, PCR products were sequenced using the V3-V4 regions of the
16S rRNA gene on an lllumina MiSeq device two x 300 platforms [Illumina, Inc. San
Diego] according to the manufacturer's instructions. The 300 base pair paired-ends
FastQ product generated from 16S sequencing was merged using FLASH [fast length
adjustment of short reads] wusing default parameters [15]. QIIME’s
split_libraries fastq.py script was used for demultiplexing and filtering the fastq
sequence data. Further quality filtering was performed using the USEARCH analysis
tool. Single unique reads were removed; following denoising, chimera removal and
grouping into operational taxonomic units [OTUs] at 97% similarity was performed
using USEARCH v7 [64 bit] [16]. OTUs were aligned using Pynast [PyNAST: python
nearest alignment space termination; a flexible tool for aligning sequences to a
template alignment [17]. Further taxonomic ranks were set using the Basic Local
Alignment Search Tool [BLAST] against the SILVA SSURef database release 132
[18]. Data were processed using Microbiome Analyst CA and Calypso version 8.84
with data filtering [removal of low abundance features less than 10%]. Data were
normalised utilising total sum scaling [TSS]. The U.S National Library of Medicine,
national centre for biotechnology information, was then accessed to assign species
identity to those FASTA sequences with > 98% percentage homogeneity by using the
BLAST® tool for bacterial 16S rRNA sequencing database [19].

Fungal bioinformatics analysis

For fungal analysis, the resulting sequencing reads were variable in length and were
processed using DADA2 [v1.18.0] in R, following DADAZ2 pipeline workflow for ITS
sequences [20, 21]. The reads were filtered to remove sequences with ambiguous ‘N’
bases. This was followed by primer removal from the reads using Cutadapt [v3.5] to
remove primers as described in the DADAZ2 ITS pipeline workflow [22]. The quality
of the reads was inspected, and the reads were further filtered and trimmed to retain
reads that were a minimum of 50 base pair long with default parameters. Dereplicating
and merging of paired-end reads was done following the workflow, following which
chimeras were removed and taxonomy was assigned to the resulting ASVs [Amplicon
Sequence Variants] using the UNITE ITS database. The resulting ASV table was used

for further analysis with Microbiome Analyst.
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Data was not rarefied but normalised utilising total sum scaling [TSS]. Calypso
version 8.84 and Microbiome analyst CA [23] were also used for the statistical and

interpretational metagenomic data.

4.4 Results and Discussion

For the plaque and oral mucosal samples, a total of 1344 observations were
encountered with a minimum read of 8.0 [controls] and a maximum read of 2008537.0.

Alpha and Beta diversity

Samples were grouped by mucosal location [Buccal, Floor of the mouth, Palate and
Tongue] and status of Toombak use [Healthy=non-user, User= Toombak user]. We
found that mucosal location in the oral cavity and keratinisation status is a stronger
predictor of microbiome variation compared to Toombak use. Non-keratinised
mucosal locations [buccal and floor of the mouth] had similar patterns in microbiome
diversity while keratinised locations also harboured close resemblances [palate and
tongue]. However, utilising Toombak alters the oral microbiome regardless of
optimum oral health.

Four alpha diversity measures, Chaol, Shannon and Simpson index, and richness were
assessed [Figure 2]. Alpha diversity was found to be significantly varied between
groups. Chao 1, a measure of variation between the rare or unobserved species,
showed that the tongue mucosa had the lowest Chao 1 diversity in both users and non-
users of Toombak. In the palatal mucosa, those who used Toombak, however, had
lower Chao 1 indices compared to non-users. Shannon indices were more distinct by
location rather than Toombak use [p=0.00076]. Simpson index showed a higher but
narrower tongue and palatal microbiome compared to the remaining groups
[Simpson’s index community diversity closest to 1]. Richness [p=3.6849e-34] was
highest on the floor of the mouth mucosa and lowest on the tongue mucosa. The
median richness of the buccal mucosa microbiome was markedly lower for non-users

compared to users of smokeless tobacco.
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Figure 2:
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2: Shannon index [p=0.00076], Richness or Observed [p=3.6849¢-34] and Simpson’s index [p=3.3603e-08] were all significant between groups. Richness
was lowest for tongue microbiome and similar in the remaining locations. The tongue and palatal mucosa [Simpson s index community diversity closest to 1]
show the closest clustering.
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Beta diversity [Figure 3a] between the oral mucosal regions was significantly distinct
[p <0.001 R? =0.22], particularly between the dorsum tongue and the buccal/floor of
the mouth, which were found to cluster together. The palatal microbiome was
‘sandwiched’ between the microbiome of the other mucosal environments. Such
diversity could be due to the genera and species composition found in the various
mucosal habitats. The tongue microbiome harboured an abundance of Actinomyces,
Prevotella_6, Prevotella_7, Veillonella, Oribacterium,
Erysipelotrichaceae_ UCGO007, Lachnoanaerobaculum, Stomatobaculum and
Atopobium [Figure 3b]. The floor of the mouth mucosa harboured increases in the
genera Actinobacillus and Bergeyella, while the palatal mucosa was increased in
Kingella, after which the buccal cheek mucosa was found to be significantly increased
in the genus Shigella [Figure 3C].
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Figure 3a:
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3a: g diversity between the oral mucosal regions. Significant g diversity between the oral
mucosal regions [p value < 0.001]. R? = 0.22. The tongue microbiome [purple] is most
distinct. Non-keratinised buccal and floor of the mouth mucosa are the most clustered together

while the palatal microbiome is centrally bridged.
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Figure 3b:
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3b: Tongue microbiome abundances amongst the oral Sudanese microbiomes. Red = buccal, blue = floor of the mouth, grey = palate and gold = tongue.

Actinomyces, Prevotella, Veillonella are amongst the most significantly abundant genera of tongue microbiome.
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Figure 3c:
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3c: Abundant genera in the other mucosal locations. Red = buccal, blue = floor of the mouth, grey = palate, and gold = tongue. Actinobacillus and Bergeyella

are most abundant in the floor of the mouth, Kingella in the palate and Shigella in the buccal mucosa.
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We further used canonical correspondence analysis [CCA] as a multivariate error-
reducing technique analysing the abundance of the oral microbiome within users and
non-users of Toombak on the known gradient oral health minimising matrix errors in
OTU- oral health environmental relationships [24]. CCA plotting [Figure 3d] showed
that after accounting for oral health, Toombak and non-users of Toombak still

harboured distinct oral microbiome variations.
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3d: Canonical correspondence analysis [CCA] plot of users and non-users of Toombak. Red=
non-user, blue = Toombak user. Oral health was utilised as the known gradient in minimising

matrix errors in OTU — oral health relationships. Accounting for oral health, Toombak

harboured oral microbiome differences that could be appreciated compared to non-users.

Pro-carcinogenic phyla and premalignant associated classes of bacteria are

abundant in the saliva of Toombak users

The most abundant phyla in pooled saliva were found to be Firmicutes [66%)],
Actinobacteria [13%], Bacteroidetes [9%], Proteobacteria [8%] and Fusobacteria
[3%] [Figure 4a].
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Figure 4a:
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4a: Pie chart percentage compostion of phyla from pooled saliva of both users and non-users
of Toombak. Firmicutes [66%], Actinobacteria [13%], Bacteroidetes [9%], Proteobacteria

[8%] and Fusobacteria [3%] are the most abundant phyla.

We further utilised correlation plotting to visualise the top ten phyla varied in
abundance between the saliva of users and non-users of Toombak. Here, the phyla
Fusobacteria and Patescibacteria [also known as Candidate Phyla Radiation] were
the most correlated for Toombak use while Cyanobacteria were associated with non-
users of Toombak [Figure 4b]. Both Fusobacteria and Patescibacteria have been
shown to be significantly enriched in various forms of gastric cancer while
Fusobacteria in particular have been shown to promote cancer progression and the
invasion of cancer into surrounding tissue [25]. They are said to be late colonisers in
healthy individuals and their abundance amongst Toombak users could have a role to
play in the early developmental changes of OSCC [26]. This is likely due to
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Fusobacteria possessing FadA proteins that are associated with the attachment,

invasion, and adherence of cancer cells [27].

Figure 4b:
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4b: Correlation plot of ten most abundant phyla in the Sudanese oral cavity of users and non-
users of Toombak. Fusobacteria are the most correlated with Toombak use compared to

Cyanobacteria in non-users.
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Gracilibacteria were also found to be abundant in Toombak users. These are part of
the Patescibacteria group that contain unique antimicrobial peptides and heavy metal
[nickel] resistance pathways which may make them more tolerant to the heavy metal
content of Toombak [28, 29]. Classes of bacteria associated with premalignancy were
found to be increased in Toombak users. Negativicutes amongst Toombak users may
predispose them to the development of oral leukoplakia, a premalignant lesion [30,
31]. Deltaproteobacteria, a class of diverse sulphate-reducing bacteria can be
pathogenic and cancer-promoting due to their ability to produce hydrogen sulphide

[32] [33] [Figure 4c] and were found to be high in Toombak users.

Figure 4c:
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4c: Log-bar values of class composition of pooled saliva of both users and non-users of
Toombak. Increased abundances in the classes Deltaproteobacteria and a slight increase in

Negativicutes were found among Toombak users

Microbial family and genera discrepancies between saliva and plague of users

and non-users of Toombak

Staphylococcaceae were the most significantly differentiated family between users
and non-users of Toombak [g=0.037]. At family level, the saliva of users and non-
users of Toombak indicated similar profiles of Streptococcaceae [47%],
Veillonellaceae [9%] and Micrococcaceae [8%] [Figure 4d]. Sixty-five core

microbiome genera were identified in the saliva of users and non-users of Toombak.
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Three genera, however, Streptobacillus, Shuttleworthia and Eubacterium yuri group,
were unique to non-users of smokeless tobacco. In comparison, four genera,
Fretibacterium, Filifactor, Corynebacterium_1 and Alysiella, were unique to
Toombak users.
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Figure 4d:
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4d: Pie chart percentage composition of families from pooled saliva of both users and non-
users of Toombak. Streptococcaceae [47%], Veillonellaceae [9%] and Micrococcaceae [8%]
were the most abundant while Staphylococcaceae were the most significant differentiating

family between users and non-users of Toombak with a p-adjusted value of 0.037.

The most significantly abundant microbial genera amongst Toombak users are
highlighted in Figure 5a which include Actinomyces [p= 0.0045], Corynebacterium_1
[p=0.0054], Lachnoanerobaculum [p=0.0079], Lautropia [p=0.0018], Atopobium
[p=0.035], Gemella [p=0.037], Johnsonella [p=0.011], Leptotrichia [p=0.00038],
Candidatus_Saccharimonas [p=0.0037], Peptococcus [p=0.013],
Ruminococcaceae_ UCG014 [p= 0.0052], Oribacterium [p=0.023] and unclassified

and uncultured bacterium.

In a study assessing the tongue microbiome of smokeless tobacco users in Saudi
Arabia, species of Actinomyces and Oribacterium were also found to be significantly
abundant in smokeless tobacco users [34] and in smokeless tobacco users from Guam
[35]. Elevated levels of Atopobium has been found in OSCC biopsies, and
Leptotrichia, Gemella and Oribacterium in the saliva of OSCC patients [36].
Jonhsonella, found to be abundant in Toombak users, has been highly associated with
oral tumour sites indicating specific microbiome dispositional trends in those that

utilise Toombak towards oral cancer development [37].

In a culture-based study from Sudan by Alli et.al. [2014], oral swab samples from long-
term smokers showed abundances in Peptococcus, a genus also found to be
significantly increased in those who develop oral cancer [38]. Lachnoanaerobaculum
was also abundant in the saliva of Toombak users, similar to the findings from other
studies [39]. Lachnoanaerobaculum was abundant in smokeless tobacco users as well
as oral cancer patients in studies from India [40, 41]. This genus has also been found
to be significantly increased in a group of pipe or ‘medwakh’ smokers from the United
Arab Emirates [42]. Another elevated genus found in Toombak users, Leptotrichia has
been associated with more severe levels of oral epithelial dysplasia [43] including in

those who developed pancreatic cancer [44].
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Figure 5a:
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5a: The most abundant genera with p value significance amongst Toombak users and non-users. Actinomyces [p= 0.0045], Corynebacterium_1 [p=0.0054],
Lachnoanerobaculum [p=0.0079], Lautropia [p=0.0018], Atopobium [p=0.035], Gemella [p=0.037], Johnsonella [p=0.011], Leptotrichia [p=0.00038],
Candidatus_Saccharimonas [p=0.0037], Peptococcus [p=0.013], Ruminococcaceae_ UCG014 [p= 0.0052], Oribacterium [p=0.023] and unclassified and

uncultured bacterium.
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Leptotrichia abundance in the oral cavity has been associated with head and neck
cancer [45] and they were significantly increased in a cohort of heavy smokers in one
study from the United Arab Emirates [46].

Utilising Mann Whitney Kruskal Wallis with p adjusted values [g value]; two genera
were significantly increased in Toombak users; Corynebacterium_1 [q= 0.0286] and
Staphylococcus [g= 0.0286] while Scardovia was significantly abundant in non-users
of Toombak [g=1.9435e-4]. Both Coryenbacterium_1 and Staphylococcus, found to
be abundant in the saliva of Toombak users have also been found to be abundant in
the Toombak microbiome composition [1]. Corynebacterium has also been found to
be significantly increased in the saliva of smokeless tobacco users from other studies
[47, 48]. LEfSe plotting on the pooled saliva dataset further indicated
Corynebacterium_1 and unclassified bacterium to be discriminant for Toombak use
while Prevotella, Selenomonas, Erysipelotrichaceae and Butyrivibrio 2 are

discriminant for the saliva of non-users of Toombak [Figure 5b].

In supragingival plaque, LEfSe plotting showed that Peptostreptococcus was the
distinct genus amongst Toombak users while the genera Corynebacterium, Prevotella
and Catonella were the most distinguishing plague genera of non-users [Figure 5c].
Fifty eight genera were shared between users and non-users of Toombak. Comamonas
was only found in the plaque of Toombak users while Abiotrophia [p=0.038] and
Brooklawnia [p=0.075] were significantly abundant in Toombak users [Figure 5d].
Non-users of Toombak harboured Scardovia, Peptococcus, Lactobacillus,
Fretibacterium, Catonella and Bifidobacterium in the plaque microbiome

composition.
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Figure 5b:

LEfSe
- MNonToombalk -Toombakuser

Corynebacterium_ 1
Unclassified -

Prevotelia| I

Aldlloprevotella
Corynebacterium -
Prevotella_ 6

Selenomonas_ 3 -
Erysipelotrichaceae UCGO0OT -
Butyrivibrio_ 2 -

1 2 3
LDA Score (log 10)

5b: LEfSe plotting on pooled saliva dataset indicated that Corynebacterium_1 and unclassified bacterium were discriminant for Toombak use while Prevotella,

Selenomonas, Erysipelotrichaceae and Butyrivibrio_2 were discriminant for non-users.
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Figures 5c:
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5¢: Supragingival microbiome in the Sudanese population. LEfSe plotting showed that
Peptostreptococcus were the most distinct genus amongst Toombak users while the genera
Corynebacterium, Prevotella and Catonella were the most distinguishing in non-users in
plaque samples. 4d Abiotrophia [p=0.038] and Brooklawnia [p=0.075] were significantly

abundant in the plagque of Toombak users.
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Aspergillus abundance amongst Toombak users likely exposes them to

carcinogenic aflatoxin compounds

In this study, we found more than a three-fold enrichment of Aspergillus in the oral
cavity of Toombak users [78.93%] compared to non-users [21.07%]. Aflatoxins
produced by Aspergillus species can have long-term adverse effects in the causation
of cancer [49]. The abundance of Aspergillus in the oral cavity is now strongly
associated with premalignant conditions such as Lichen planus and thus could
predispose Toombak users to developing conditions that favour OSCC development
[50]. Aspergillus abundance has also been associated with lymph node involvement in
OSCC patients from Sudan [13].

In Toombak users the mycobiome was found to be abundant in Blumeria [61.7%)],
Issatchenkia [61.52%] and Saccharomyces [62.11%] compared to non-users [Figure
6a]. Metschnikowia [36.22%] and Cladosporium [65.07%] were lower in abundance
amongst Toombak users compared to non-users. Malassezia was found to be
positively correlated with Toombak use while Candida was associated with non-users
[Figure 6b]. Indeed, there was a marked loss of Candida in the oral cavity in those
utilising smokeless tobacco [4.33%] compared to non-users [95.67%] [q=4.758E-4].
Interestingly, in a recent study of salivary mycobiome of Sudanese OSCC patients,
Candida was also reduced amongst Toombak users [13]. One reason for this could be
the inhibitory effects that high nicotine levels [found in Toombak] have been found to
have on the growth of Candida [51].
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Figure 6a-6b:
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6a: Fungal entities in pooled saliva amongst Sudanese users and non-users of Toombak. Marked loss of Candida presence in the oral cavity of Toombak users
and increased Saccharomyces and Aspergillus. Unassigned species also abundant amongst Toombak users. 6b: Correlation differentiators of fungal
inhabitance in the oral cavity between Toombak and non-users. Abundances in Malassezia, Saccharomyces and Aspergillus were correlated positively with
Toombak use while Candida were the most correlated with non-users of Toombak.
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Fungal species are found to be more virulent with smokeless tobacco use.

Candida albicans was found to be the most dominant species amongst non-users,
while Candida tropicalis was the most abundant species amongst Toombak users.
Candida tropicalis is one of the most virulent of the Candida species and are resistant
to many antifungal medication [52, 53]. This species has also been previously isolated
from OSCC samples [54]. Malassezia restricta was found to be more abundant in
Toombak users [63.02%] compared to non-users [36.98%] where q=0.046.
Abundance of Malassezia may be linked to better survival rates amongst OSCC
patients [13].

Toombak use allows for significant microbiome variations throughout the four

oral mucosal locations

In four mucosal locations, low abundance features were removed based on 10%
prevalence and low variance features were further removed based on 5% standard
deviation. For data OTU analysis in both users and non-users of Toombak, 274 OTUs
were assessed from the buccal mucosa, 208 OTUs from the dorsum tongue mucosa,
254 OTUs from the floor of the mouth and 271 OTUs were assessed from the palatal
mucosa. We further evaluated the core microbiome of each mucosal location between
users and non-users of Toombak. The buccal mucosa had the highest similarity of core
microbiome between users and non-users of Toombak; 126 core genera while the
dorsum tongue had the least similarity in core microbiome between users and non-
users of Toombak; 42 core genera. 53 core microbiome genera were present on the
floor of the mouth and 55 core microbial genera on the palate between users and non-

users of Toombak.
The buccal mucosa [inner cheek lining]

The relative abundance of Actinobacteria and Fusobacteria were increased in the
buccal mucosa of Toombak users compared to non-users of Toombak. Moraxellaceae
[0=0.037], Leptotrichiaceae [q= 0.019], and Staphylococcaceae [g=0.037] were the
most significantly abundant families amongst the buccal microbiome of Toombak
users. Staphylococcaceae exhibited the highest fold change increase [4.259], while
Enterobacteriaceae [0.037] using Deseg2 coverage were increased amongst non-users
of Toombak in this mucosal location with a fold change increase of 7.691. Leptotrichia

[0=0.029], Staphylococcus [q=0.04] and Cutibacterium [q=0.04] were the most
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significantly abundant genera amongst the buccal mucosa of Toombak users while
LEfSe highlighted Staphylococcus, Cutibacterium and Corynebacterium_1 [LDA >
2] as the most discriminant genera of the buccal microbiome amongst this group. In
the non-users of Toombak, Shigella [q= 0.03] and Prevotella_6 [g= 0.04] were
significantly abundant while Scardovia and Prevotella_6 could distinguish the buccal

microbiome of non-users [Figure 7a].

Genera found in abundance in the buccal microbiome of Toombak users may be
related to the increased risk of oral tumour development [47]. Fusobacteria and the
genera Staphylococcus and Corynebacterium_1 are able to reduce nitrate and nitrite
to produce carcinogenic tobacco-specific nitrosamine compounds [29]. Studies from
Indian smokeless tobacco users have also highlighted an abundance of Staphylococcus
amongst OSCC smokeless tobacco users [55]. Cutibacterium are likely introduced by
users fingers into the oral cavity during Toombak placement [1]. Biofilm formation is
enhanced with smokeless tobacco use which can improve epithelial adherence of
Staphylococcus [46]. In addition, oral Staphylococcus abundance amongst Toombak
users may be linked to an increased fungal load in the oral cavity [56] likely through
chemical interplay involving metabolites, quorum sensing effectors and stable biofilm
development [57]. Oral Staphylococcus abundance found in Toombak users may also
be a reservoir for the development of systemic infection, is a source of methicillin-
resistant strains and could pose an increased susceptibility to blood-related infections
[58, 59]. Staphylococcus may further play a sinister role in the acidic hypoxic

environments of oral cancer [47] and have been isolated from OSCC sites [60].

Species in abundance in the buccal microbiome of Toombak users included Gemella
morbillorum [98.28% per ident], Prevotella nigrescens [99.35% per ident],
Staphylococcus caprae [100% per ident] and Lachnoanaerobaculum gingivalis
[99.32% per ident]. Gemella morbillorum has been significantly associated with
inflammatory gingival responses and have been detected with high abundance on the
surfaces of some oral cancer tissue [60] [61]. They are also known to contribute to the
acidic and hypoxic environments of oral cancer, promoting their growth [62, 63].
Gemella morbillorum has also been the cause of infective endocarditis amongst a
smokeless tobacco user from Somalia [64]. The ability of Staphylococcus caprae to
produce B haemolysins and enterotoxins can lead to significant cell damage amongst

oral cells [65]. On the other hand, species distinguishing the buccal mucosa of non-
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users of Toombak included Rothia mucilaginosa [98.88% per ident], Veillonella
atypica [98.28% per ident], Streptococcus sobrinus [99.35% per ident.], Prevotella
salivae [99.35% per ident], Prevotella pallens [99.35% per ident] and Bifidobacterium
dentium [99.33% per ident].

The dorsum tongue mucosa

Actinomyces [p= 0.013] and uncultured bacterium [p=0.031] were enriched in the
tongue of Toombak users. Tannerella [q=0.0085] and Cardiobacterium [g= 0.0097]
in Toombak users, were more abundant in this mucosal location with a mean change
of 5 and 13 respectively compared to non-users. A Fusobacteria unidentified species
[OTU_1157] was also associated with Toombak use [LDA=2.69]. In non-users,
Bifidobacterium [g=0.0049] was significantly increased by a mean change of 1.15
while five unique genera in non-users of smokeless tobacco were identified; Olsenella
[p=0.04], Lactobacillus, F0058, Aggregatibacter [p=0.02], and Actinobacillus
[p=0.01]. Pattern search of the top 25 genera revealed that Bergeyella [p=0.02],
uncultured bacteria and Leptotrichia [p=0.007] were the most positively correlated
genera associated with Toombak use, while Scardovia [p=0.002] and Lactobacillus
were positively correlated with non-users. LEfSe plotting further highlighted that
Haemophilus [p=0.004, LDA=3.7], Actinobacillus [0.003, LDA = 3.8], and Scardovia
were discriminant genera for the dorsum tongue of non-users [Figure 7b] while

Actinomyces distinguished the tongue of Toombak users [LDA = 3.9].

The species Leptotrichia wadei [gq= 0.023, 99.55% per ident], Schaalia odontolytica
[p= 0.0028] and Streptococcus equinus [p= 0.043, 99.78% per ident] were abundant
in the microbiome of the dorsum tongue of Toombak users while Haemophilus
haemolyticus [q=0.001, 99.78% per ident] and Streptococcus sobrinus [g= 0.023,
99.35% per ident] were enriched amongst non-users of Toombak. Corynebacterium
argentoratense [LDA=3.7] and Actinobacillus pleuropneumoniae [LDA=2.64] were

also associated with the tongue of non-users.
The floor of the mouth mucosa

Significant enrichment of the genera Corynebacterium_1 [p=0.0028], Staphylococcus
[q=0.01] and Candidatus Saccharimonas [p=0.026] was found in the floor of the
mouth in those utilising Toombak while Scardovia [q=0.04] was high in non-users.

LEfSe plotting distinguished uncultured bacterium [LDA =3.1] and Porphyromonas
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gingivalis [LDA =3.09] as the most distinctive microbiome components in the floor of
the mouth of Toombak users [Figure 7c]. Five unique genera were present in Toombak
users: Selenomonas_4, Filifactor, Eubacterium nodatum group,
Candidatus Saccharimonas, Anaeroglobus while one genus was unique to non-users;
Catonella. Pattern search further revealed that Corynebacterium 1, Candidatus
Saccharimonas, Stomatobaculum, Parvimonas, and Oribacterium were positively
correlated with Toombak use while Prevotella 2, Lactobacillus, Scardovia,
Actinobacillus, Comamonas, and Aggregatibacter were the positively correlated

genera with non-users of Toombak.

Species inhabiting the floor of the mouth of Toombak users included Stomatobaculum
longum, Eubacterium infirmum, Prevotella denticola, and Bifidobacterium dentium,
while Corynebacterium argentoratense was evident in the floor of the mouth of non-

users.
The palatal mucosa

In the palatal mucosa, positive microbiome correlations with Toombak use included
Candidatus Saccharimonus [p=0.086], Lautropia [q=0.002, LDA=3.3], Johnsenella
[g=0.001], Actinomyces, Capnocytophaga, Leptotrichia, Faucicola [gq=0.001], and
Peptococcus while non-users of Toombak had positive correlations with Prevotella
and Prevotella_6, Selenomonas, Anaeroglobus, Lactobacillus, Moraxella, Shigella,
Scardovia [g=0.012] and Simonsiella [q=0.04] which were all evident in non-users.
An unclassified Gracilibacteria oral taxon 873 [p=0.031] was found to be unique to
the palatal microbiome of Toombak users. Several OTUs from the Patescibacteria
phylum were significantly abundant amongst Toombak users and included OTU_112
[p=0.032], OTU_144 [p=0.023], OTU_24 [p=0.039], OTU_113 [p=0.031] and
OTU_114 [p=0.043].

The species, Leptotrichia hofstadii was highly correlated with the palatal mucosa of
Toombak users [99.32% ident] and Streptococcus salivarius was abundant.
Actinomyces israelii, Actinomyces cardiffensis and Faucicola mancuniensis, were
detected only in the palate of Toombak users. LEfSe plotting of species discriminant
of Toombak users highlighted Faucicola mancuniensis, a Bacteroidetes oral taxon
274 strain FO008 and uncultured bacterium from the phyla Fusobacteria and
Proteobacteria [Figure 7d].
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Figure 7a — 7d:
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7: LEfSe plotting of the four oral mucosal locations.7a: Buccal microbiome. Staphylococcus,
Corynebacterium_1 and Cutibacterium were the most discriminant genera in Toombak users
while Prevotella and Scardovia were found in non-users. 7b: Tongue microbiome.
Haemophilus, Actinobacillus, and Scardovia were discriminant in the dorsum tongue of non-
users of Toombak. 7c: The floor of the mouth. uncultured bacterium [LDA =3.1] and
Porphyromonas gingivalis [LDA =3.09] are the most distinct microbiome components in the
floor of the mouth of Toombak users. 7d: Palate. Uncultured bacterium from the phyla
Fusobacteria and Proteobacteria, and the species, Faucicola mancuniensis are seen in
Toombak users while uncultured bacterium from the phyla Bacteroidetes are discriminant of

non-users.
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In comparison, Bifidobacterium longum [99.33% ident], Veillonella atypica [98.28%
ident] and Alloscardovia omnicolens [99.33% ident] were positively correlated with
the palatal mucosal microbiome of non-users while Haemophilus paraurethrae,
Haemophilus quentini, and Prevotella denticola were found in non-users and
Actinomyces graevenitzii in both groups. Actinomyces cardiffensis and Actinomyces
israelii were only found on the palatal microbiome of Toombak users. Deseq 2
highlighted four OTUs abundant amongst Toombak users with g values < 0.05 that
included OTU 113 [weak similarity with Terrisporobacter], OTU 427 [high similarity
with Neisseria species], Lautropia mirabilis [BLASTn 99.35% ident] and
Leptotrichia. Poryphromonas cataniae [98% ident] were significantly abundant in

Toombak users.

Actinomyces abundance in the saliva, tongue, buccal cheek, and palate of

Toombak users

We found an abundance of Actinomyces in the saliva [q=0.0045], tongue [p=0.013],
and palate [p=0.001] of Toombak users. Reports on the effects of smokeless tobacco
on Actinomyces growth has been contradictory. Smokeless tobacco use has been found
to both reduce [66, 67] and enrich Actinomyces growth [68]. Actinomyces has also
been found in abundance in moist Indian smokeless tobacco products [69].
Actinomyces massiliensis [p=0.016] was abundant in the buccal microbiome of
Toombak users while Actinomyces graevenitzii was found to be enriched in the tongue
in both users and non-users of Toombak. Actinomyces is associated with the
discolouration of teeth [70] while Actinomyces graevenitzii has been associated with
halitosis [71]. Actinomyces graevenitzii and Staphylococcus in co-culture were also
found to significantly reduce neutrophil recruitment a factor that could participate in
immune dysregulation amongst Toombak users [72]. Furthermore, many Actinomyces
species are potent nitrate-reducing bacteria and thus may contribute to increasing
tobacco-specific nitrosamine production in Toombak [73]. In other studies,
Actinomyces meyeri was found to be abundant amongst smokeless tobacco users from
Saudi Arabia [34]. Actinomyces israelii and Actinomyces cardiffensis were found to

be unique to the palatal microbiome of Toombak users.
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Lautropia abundance in the saliva, buccal cheek and palate microbiomes of

Toombak users could relate to compromised local immunity

In this study, Lautropia was abundant in the saliva, buccal cheek, and palate
microbiomes of Toombak users with Lautropia mirabilis the species identified.
Lautropia has been associated with benign lesions in the oral cavity such as
fibroepithelial polyp [74] as well as malignant diseases including non-small cell lung
cancer, oral and oesophageal cancers [75, 76]. In a study assessing Srilankan betel
quid users, Lautropia was not abundant amongst smokeless tobacco users but rather
in healthy controls [77]. Lautropia has been detected as part of the core oral
microbiome amongst healthy Nigerians [78], however, Lautropia mirabilis abundance
may also be associated with compromised local immunity that could be caused by
Toombak use. The Lautropia genus was also found to be abundant in the oral

microbiome of a series of HIV-infected children [79].
Prevotella abundance amongst non-users of Toombak

Although Prevotella was present in both users and non-users, they were significantly
more abundant in Toombak non-users [p < 0.05] and were found in the saliva, tongue,
buccal cheek and palatal microbiomes. Alloprevotella amongst non-users was also
higher compared to Toombak users. Prevotella is often a commensal oral
microorganism and in the oral cavity has been found to be more abundant amongst
those with African and Indian heritage [80-82]. Prevotella abundance in the oral cavity
has been associated with the development of other diseases that includes rheumatoid
arthritis, metabolic syndrome, inflammatory bowel and cardiovascular disease but in
other studies its abundance is associated with the reduction of hypersensitivity
reactions [83, 84].

Species modifications may harbour distinct susceptibilities in the oral cavity of

Toombak users

The most common bacteria in the oral cavity were found to vary in species due to
smokeless tobacco use. This may allow for a complex integration of bacteria with a
more sinister ability to transfer and integrate features such as antibiotic-resistance
genes eliciting distinct susceptibilities in the oral microbiome of Toombak users.
Common to both users and non-users of Toombak were the species Prevotella salivae

and Prevotella pallens which were found to be abundant in the tongue and palate of
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both groups and the buccal microbiome of non-users. They are common to the oral
microbiome of adults [85]. Prevotella scopos and Prevotella veroralis were also
evident in the tongue and palate microbiomes in both groups. In one study Prevotella
salivae was increased in the buccal mucosa of smokers [86]. Although Prevotella
pallens is commonly associated with oral health [87], in some studies, it has been

associated with halitosis [oral malodour] as well as OSCC [88, 89].

Prevotella nigrescens however was abundant only in Toombak users. Intra-orally, this
species has been associated with inflammatory changes to the mucosa [90] and
alveolar bone loss [83], while extra-orally, it has been detected in samples of occluded
arteries [vascular disease] [91]. Prevotella nigrescens abundance did not differ in a
study of betel nut users and non-users in Thailand [92]. Prevotella nigrescens and

Prevotella pallens have also been associated with penicillin resistance [93].

In the tongue, Streptococcus sobrinus was abundant in non-users, while Streptococcus
equinus was abundant in Toombak users. Streptococcus salivarius was abundant in
the palate of Toombak users [90]. Species from the Streptococcus bovis/Streptococcus
equinus complex are some of the most antibiotic-resistant Streptococcus species found
in the oral cavity [94]. It is interesting that on the dorsum tongue in Toombak users,
Streptococcus sobrinus [a caries-associated bacterium but with no known antibiotic
resistance] is replaced with Streptococcus equinus. Streptococcus salivarius found in
abundance in the palate of Toombak users has been shown to elicit the release of the
pro-inflammatory interleukin 8 [95] and is known to be potent acetaldehyde producers
[34]. Non-sucrose-containing smokeless tobacco forms, such as Toombak have also
been shown to be a possible source of growth substrate for various Streptococcus
species including Streptococcus salivarius [96]. Therefore, it is probable that the use
of smokeless tobacco Toombak contributes to a modified Streptococcus inhabitance
in the oral cavity that leads to specific alterations in the various oral mucosal locations.
Streptococcus species associated with antibiotic resistance increase in those who use
Toombak compared to non-users which could be explained by the increased
microbiome entry from the Toombak itself into the oral cavity as well as alterations
from mechanical, chemical, and pH changes that arise from Toombak use.
Streptococcus mitis was the most abundant species in all sites of the oral cavity, while
Streptococcus porcorum was abundant in the palate and tongue in both users and non-

users. Streptococcus mitis species are regarded as commensals in the oral cavity but
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some strains harbour unusually high levels of resistance to B lactam antibiotics [97].
In one study, Streptococcus mitis was found to be abundant in those with OSCC [98]
while in another study, Streptococcus mitis was shown to have therapeutic potential in
the treatment of oral cancer [99].

The family, Veillonellaceae were found to be in similar abundance in both groups.
The genus Veillonella is generally associated with good oral health [100] and were
abundant in the tongue of both users and non-users. Veillonella rogosae was found on
all mucosal surfaces. Veillonella atypica was abundant in the palate and tongue of
Toombak users and non-users and the buccal cheek of non-users. In Toombak users,
Veillonella atypica may have a role to play in nitrate/nitrite reduction from smokeless

tobacco into the carcinogenic tobacco-specific nitrosamines [101].

Non-users of smokeless tobacco harbour genera with pro-mucosal integrity
potential that include Scardovia, Bifidobacterium and Lactobacillus

Associated with healthy mucosal integrity are the genera Scardovia, [102] and
Lactobacillus [56] while Bifidobacterium help in the maintenance of epithelial
integrity and promotion of healthy gingival barriers [103]. Interestingly, Scardovia is
found to be depleted in oral cancer [104] and in this study was enriched in the
supragingival plaque of non-users and could distinguish the buccal mucosal
microbiome of the same group. Therefore, the absence of this genus amongst
Toombak users may highlight a lack of mucosal protection against oral cancer.
Lactobacillus was enriched in the plague of non-users of Toombak and was part of the
core genera of the tongue microbiome in non-users. Lactobacillus was also abundant
in the paraffin-embedded tissue OSCC samples taken from non-users of Toombak.
Bifidobacterium was enriched in the plaque of non-users, Bifidobacterium dentium in
the tongue and buccal microbiome and Bifidobacterium longum on the palate of non-

Uusers.

Lactobacillus and Bifidobacterium could have many beneficial activities in the oral
cavity that may be lost with Toombak use. They can produce antimicrobial compounds
and have a key role in supporting the oral immune defence mechanisms. IgA levels in
saliva have been shown to increase in those with Lactobacillus and Bifidobacterium
abundances [105]. Bifidobacterium dentium is ‘mucin’ friendly preventing the

disruption of the mucous barrier [106]. Bifidobacterium is reported to reduce DNA
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damage and may delay or even prevent the onset of cancers [107]. Both
Bifidobacterium and Lactobacillus can help prevent the colonisation of pathogenic
bacteria in the oral cavity [108]. We found Prevotella nigrescens for example to be
abundant in the Toombak group but not in non-users. Lactobacillus has been shown
to have eliminating action against Prevotella nigrescens and thus its reduced presence
amongst Toombak users could explain why this species was more abundant in

Sudanese smokeless tobacco users [100].
Toombak-associated OSCC significantly carries a more aggressive microbiome

Clustering of the premalignant samples together could be appreciated [Figure 8a] but
Beta diversity was non-significant between groups; moderate [n=8], well-

differentiated [n=35], premalignant samples [n=2] and the control [n=1].
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8a: Premalignant and oral squamous cell carcinoma metagenomic profiles. B diversity of oral
squamous cell carcinoma cancer samples from Sudanese participants utilising paraffin

embedded blocks. Differentiation between premalignant and malignant samples may be
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observed. Malignant samples further classified into moderate [n=8] and well-differentiated
OSCC [n=35].

It is likely, that the microbiome of moderate and well-differentiated OSCC samples is
similar in microbial habitat. Shannon index between groups was statistically
significant [p=0.03], where the control or non-cancerous sample had the highest
median alpha diversity compared to the remaining groups of oral cancer and

premalignant conditions [Figure 8b].
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8b: Premalignant and oral squamous cell carcinoma metagenomic profiles. Shannon diversity
[p=0.03]. Non premalignant samples had the highest Shannon diversity, and the premalignant

samples had the lowest alpha diversity.

Redundancy analysis indicated that the oral cancer microbiome composition was

influenced by Toombak use [Figure 8c].
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Figure 8c:
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8c: Premalignant and oral squamous cell carcinoma metagenomic profiles. redundancy
analysis of oral cancer samples. Toombak use highlights microbiome variation between
cancer samples compared to non-users. Oral cancer samples from non-Toombak users had
increased abundances of Lactobacillus [p=0.024], Collinsella [p=0.014], and
Flavobacterium [p=0.0087] while oral cancers from Toombak users had abundances in
Corynebacterium_1 [p=0.044], Mogibacterium [p=0.0013], Enterococcus [p=0.012],
Empedobacter [p=0.03], Stenotrophomonas [p=0.043] and Schlegelella [p=0.048].

We further applied DeSeq?2 to compare mean and subsequent fold changes of the most
important genera amongst Toombak and non-users of Toombak OSCC samples.
OSCC from non-Toombak users had increased abundances of Lactobacillus
[p=0.024], Collinsella [p=0.014], and Flavobacterium [p=0.0087] while OSCC
samples from Toombak users had abundances in Corynebacterium_1 [p=0.044],
Mogibacterium [p=0.0013], Enterococcus [p=0.012], Empedobacter [p=0.03],
Stenotrophomonas [p=0.043] and Schlegelella [p=0.048]. Corynebacterium_1 was
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significantly increased amongst those cancer samples from Toombak users [p=0.044]
with a reduced fold change of -1.446 amongst non-users’ cancer samples.
Interestingly, Corynebacterium_1 has been found to be the most abundant genus in
Toombak [1] and in this study, was found to be significantly increased in the saliva,
buccal and floor of the mouth microbiomes of Toombak users. Coprococcus_2
[p=0.05], Rothia  [p=  1.5e-10], Eubacterium_nodatum [p=0.0015],
Peptostreptococcus [p=6.5e-07], Ruminiclostridium [p=0.0042] and Stomatobaculum
[p=0.013] were the most abundant genera amongst premalignant samples compared

to oral cancer samples.
Conclusion

In this study we showed that the microbiome and mycobiome of the oral cavity is
significantly altered with Toombak smokeless tobacco use. In Toombak users, non-
normally residing genera become abundant throughout the soft tissue mucosal
locations users that include Staphylococcus while in non-users of Toombak,
Prevotella, Lactobacillus and Bifidobacterium are found to be more prevalent.
Toombak use was also found to significantly alter species determinants in genera such
as Prevotella, Streptococcus, Actinomyces and Veillonella.

The mycobiome is further seen to lose counterbalance with Toombak use, with a
significant enhancement of Aspergillus and loss of Candida. Such findings can pave
the way for the development of ‘oral fungal and bacterial response panels’ to track
OSCC progression throughout Toombak use. Further whole genomic sequencing
approaches can answer how such modified communities challenge the specific

functionality of the microorganism in the response to Toombak use.

While no significant local behaviours were known to otherwise alter the oral
microbiome of the participants included in this study, factors such as dietary intake
could play an indirect role in the host-oral microbiome connections reflected in this
study requiring further research to outline other impingements on the oral microbiome

of the Sudanese.

The results of this study further contribute to a new understanding in OSCC
development and its progression amongst smokeless tobacco users worldwide. We
have further shown that the microbiome of Toombak related OSCC may be more

aggressive resulting in an increased risk of recurrence and metastasis.
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5.1 Abstract

Migratory movement of populations from Africa to westernised countries like Ireland
can impact the traditional gut microbiome and promote microbial variations that may
be atypical to a specific population. This study highlights new insights into the African
gut microbiome with the relevance of the westernisation effects on diet, metabolomics

and microbiome shaping that may influence future health directions.

Twenty-five Irish/ Caucasian participants living in lIreland [Irel], 49 Sudanese
participants who migrated to Ireland [Sudlrel] and 67 participants living in Sudan
[Sud], aged between 6-70 years of age were included in this multi-directional study
that consisted of three components. The first component involved the modification
and analysis of the European prospective investigation into cancer and nutrition
Norfolk food frequency questionnaire [EPIC - Norfolk FFQ] for the Sudanese
population, employed for nutrient and food group comparisons across the three
cohorts. In addition, a further sublayer validation was achieved utilising the online 24-
hour recall automated self-administered 24 questionnaires [ASA-24]. The second
component consisted of DNA extraction and 16SrRNA sequencing of the V3-V4
hypervariable regions in 141 faecal samples, including PICRUSt analysis, while the
third component was achieved in 40 faecal water samples through semi-polar

metabolite and short-chain fatty acid analysis to determine metabolomic variations.

For nutritional analysis, eta? was utilised to determine the strength of associations
between FFQ and ASA24 formats, while correlation plotting was utilised to compare
nutritional and microbial correlations. Microbiome statistical comparisons included
Metagenomeseq, alpha and beta diversity and one-way Anova, while LEfSe plotting
highlighted significant discriminants in PICRUSt and metabolomic findings.

Six food types, including meat, fruit and vegetables, were consumed at a reduced
intake in the Sud cohort with a high strength of association and large effect size [eta?
=>0.14]. Three food types, egg and egg products [eta’? =0.04], nuts and seeds
[eta?=0.05] and non-alcoholic beverages [eta?=0.108], were consumed highly in Sud,

albeit with low and medium effect sizes. The average energy intake [measured in
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kcal/day] between groups was statistically different [p <0.001] and was found to be
lowest in Sud [1077 kcal/day]. The diet of the Sud cohort was found to be low in
several nutrients, including carbohydrates, fibre, protein, fat, and vitamin D [p<0.001]
while at the same time, it was high in vitamin B5 [pantothenic acid] and intermediate
in Vitamin K levels. The genus Megamonas was the most positively associated genus
in Sud to several nutrients that included calcium, protein, and fat intake. At the same
time, reduced Lachnospiraceae in Sud may be a novel factor in the endemically
associated iodine deficiency in Sudan.

The gut microbiome of Sud and Irel differed significantly in B diversity [p < 0.001],
while Sudlrel predominantly exhibited a ‘sandwiched’ status between Sud and Irel
with either a loss or gain from the traditional microbiome composition. Genera
enriched in Sud and depleted in Irel included Prevotella [q=3.169e-06] and
Lactobacillus [q=2.918¢-09], while in lrel, Lachnospira [q=1.623e-09] and

Bacteroides: [q=3.056e-05] were abundant compared to the Sudanese groups.

PCA of metabolomic compounds highlighted 27 metabolites that varied significantly
between Irel and Sud, 21 metabolites between Sud and Sudlrel and none between Irel
and Sudlrel. The short-chain fatty acids, isobutyric [p=0.0], and isovaleric acids
[0.002], were significantly lower in Irel. LEfSe plotting of PICRUSt data indicated
multi-drug resistance activity pathways in the Irel cohort [K09686], mineral and heavy
metal transport activity in Sud [K06199] and Sudirel, multiple prominent
carbohydrate metabolism pathways.

Distinctions and preservations in the gut microbiome are evident in African and
European populations, while those who migrate show a ‘sandwiched’ microbiome
composition integrated by memory and reshaping. Genera findings may be related to
specific nutrient alterations amongst the cohorts, while differing genera may also be
responsible for the same nutrient profiles, high or low depending on migration and

geographical status.
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5.2 Introduction

The gut microbiome and metabolome of the Sudanese population [> 40 million] have
never been previously explored. The Sudanese diet primarily consists of fermented
foods, legumes, dairy, millet, and sorghum-based products. The Sudanese gut
microbiome has likely sculpted its way through generations, determined by tradition
but also in adaption to the changing environmental impacts at national and

international levels.

Current African gut microbiome research is currently limited in exploration of around
168 human microbiome studies [using next generation sequencing] involving African
participants from 33 out of 54 countries. South Africa, Kenya, and Uganda [1]
represent the African countries with the most microbiome data, primarily in
malnutrition and infection [2]. Of note is that conclusions from westernised countries
and Asia alone cannot fully comprehend the gut microbiome landscape of Africans,

particularly the Sudanese.

Problematically, Sudan now sees high incidences of non-communicable diseases such
as cardiovascular disease and type two diabetes. Cardiovascular disease is thought to
account for 73% of acute admissions compared to negligent in the last century, while
the prevalence of type two diabetes in rural Sudan is only around 2.5% compared to
19% in urban communities [3] [4]. In addition, those Sudanese who migrate to
westernised countries may harbour a distinct susceptibility profile to diseases and
westernised related diseases such as IBD [5].

This study aimed to understand the current gut microbiome and metabolome landscape
of the Sudanese living both in their home country and in a westernised environment.
In this analysis, we question whether microbiome memory could be retained while
also analysing what components of the microbiome are reshaped after moving to
Ireland. We compare those living in Ireland and are Caucasian in background [Irel],
those Sudanese living in Ireland [SudlIrel] and those Sudanese living in Sudan [Sud].
We explore the metabolomic findings and, furthermore, analyse Sudanese nutritional
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habits through the first-time utilisation of a modified food frequency questionnaire and

the sublayer validation of its use on the Sudanese.

5.3 Materials and methods

Participant recruitment

Data were collected from the two countries, Sudan and Ireland. Consent was achieved
from the Sudanese ethical committee at National Ribat University and Cork University
College Cork ethics board. We recruited 141 participants, 6-70 years of age. These
were further categorised as 25 Irish/ Caucasian participants living in Ireland [Irel], 49
Sudanese participants who migrated to Ireland [Sudlrel] and 67 participants living in
Sudan, Africa [Sud]. Participants were graded according to the American Society of
Anaesthesiologists [ASA] physical status classification system, grades 1 and 2 [6]
[Table 1]. For the Sudirel group, participants with a migration history to Ireland for at

least one year were included.
Dietary questionnaires

The European prospective investigation into cancer and nutrition Norfolk food
frequency questionnaire [EPIC - Norfolk FFQ] is a semi-quantitative questionnaire
aimed at recording average nutrient intakes over a retrospective period of at least 12
months. It was modified and employed for macro and micronutrient and food group

analysis covering over 290 foods across the three cohorts, Sud, Sudlrel and Irel [7].

The University of Cambridge, UK, FETA software, version 2-53, was downloaded
from ‘www.epic-norfolk.org.uk’ to record nutrient values, and output one was utilised
[average daily nutrient and food group intakes] in wide format. Twenty-four foods
were added to the original FETA database for those living in Sudan, while one food
was added to the questionnaire for those living in Ireland. This was achieved by
modifying the FETA input/look-up files. Data were entered manually on digital
spreadsheets [Microsoft Excel] by two independent researchers, in Sudan and Ireland
to account for errors. Each recorded food was framed within a nine-point scale where
‘1’ is for never or < once a month and nine is for >6 times a day. A code of ‘-9’

indicated a data cell not recorded by the participant.
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Table 1: Participants included in this study were graded according to the American Society of Anaesthesiologists [ASA] physical status classification system,

grades 1 and 2. DM=diabetes mellitus, HTN= hypertension. BMI = body mass index. OSA = obstructive sleep apnoea.

ASA Definition Adult examples including but not limited to: Paediatric examples including but not limited to:

Classification

ASA 1 A normal Healthy, non-smoking, no or minimal alcohol use | Healthy [no acute or chronic disease], normal BMI
healthy percentile for age
patient

ASA 2 Patients with | Mild diseases only without substantive functional | Asymptomatic congenitcal cardiac disease, well
mild systemic | limitations. Current smoker, social alcohol drinker, | controlled dysrytmias, asthma without exacerbation,
disease pregnancy, obesity [30<BMI<40], well-controlled | well controlled epilepsy, non-insulin dependant

DM/HTN, mild lung disease

diabetes mellitus, abnormal BMI percentile for age
mild/moderate OSA, oncologic state in remission

autism with mild limitations
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Nutrient data retrieved were then imported in CSV format, further processed, and
compared through SPSS version 28. Nutrient intakes were analysed for mean,
minimum and maximum levels of nutrient intake and compared through parametric
tests. Nutrient intakes were recorded in mcg, mg, and g. The eta coefficient [eta?] was
used to measure the correlation strength between the categorical and scale nutrient
variables. For example, an eta? value of under 0.01-0.05 signified a small effect size,

0.06-0.013, a medium effect size and 0.14 or higher was a large effect size.

Sublayer validation of Sudanese EPIC- Norfolk FFQ through the automated self-
administered 24-hour recall system [ASA-24]

The EPIC Norfolk FFQ is a validated food frequency questionnaire but predominantly
utilised on the European population. We carried out the sublayer validation of this
questionnaire for its use on the Sudanese population using an additional online recall
system [ASA-24] on 32 Sudanese subjects. These participants were asked to fill in the
EPIC- Norfolk FFQ and the ASA-24 on two different days. Results were analysed
using non—parametric tests to account for any non-normal distributions. In addition,
similar mean nutrient levels between the EPIC-Norfolk FFQ and the ASA-24 were
evaluated using independent samples Mann — Whitney U test. Non-significant values

were taken as a positive outcome on validation.
Faecal sample collection

Faecal samples were collected and placed in a sterile falcon 50ml tube, labelled and
frozen immediately at minus 80°C. Those samples from Sudan were prepared for

shipment under dry ice to Cork, Ireland.
Faecal DNA Extraction

Faecal samples, positive and negative controls underwent DNA extraction by DNeasy
Powersoil Kit [Qiagen, Hilden, Germany] utilising manufacturer’s instructions. In
summary, 0.25g of each faecal sample was placed in a 2ml screw capsule
containing 0.25g of sterile zirconium beads. 1ml of lysis buffer was added to
samples, and they were homogenised for three minutes using a bead beater.
Samples were incubated at 70°C for 15 minutes alongside gentle shaking and
centrifugation [16,000 X g] at 4°C for five minutes. The supernatant was

transferred to a new 2ml Eppendorf tube, and 300ul of lysis buffer was added to

284



each sample with the repeated above steps. Then, 10M ammonium acetate [260ul]
was added to each tube with further centrifugation [16,000 X g] at 4°C for 10
minutes. The supernatant was then transferred into two 1.5ml Eppendorf tubes,
and 650ul isopropanol was added with mixtures left overnight at minus 20°C.

The following day, samples were centrifuged at 4°C for 15 minutes at 16,000 X g.
The supernatant was removed, and the nucleic acid pellets were washed with 70%
ethanol. After all, ethanol was evaporated, 100ul TRIS EDTA buffer was added,
and the two aliquots were re-combined. 2ul of DNase, RNase-free endonuclease
was added, and samples were incubated at 37°C for 15 minutes. Next, 15 pl
proteinase K and 200ul buffer were mixed and samples were incubated at 70°C

for a further 10 minutes after which 200ul of ethanol were added.

Samples were then transferred to Qlamp columns and centrifuged at 16,000 X g
for one minute. The flow-through was discarded, and 500ul buffer was added with
further centrifugation. The dry column was also centrifuged for one minute, and
200ul buffer was added, incubating at room temperature for two minutes. Finally,
DNA was eluted, transferred to Eppendorf tubes and frozen at minus 20°C.
Samples were quantified using the Qubit dsSDNA High Sensitivity Kit [Invitrogen, Life
Technologies, Grand Island, NY].

Library preparation [Amplification and Sequencing]

The 16S V3 — V4 hypervariable regions were targeted using AMPure XP beads
[Beckman Coulter, Brea, CA, USA] and universal forward and reverse primers with
overhang adapters that followed standard IUPAC nucleotide nomenclature.
Amplification was achieved with the MiSeq protocol for the preparation of
metagenomics libraries [Illumina, Inc., San Diego, CA, USA]. PCR was performed in
a 50 pL reaction mixture containing 10 ng template DNA and 2x KAPA HiFi HotStart
Ready Mix. The following thermal cycling conditions were used: 3 min of initial
denaturation at 95°C; 30 cycles each of denaturation at 95°C for 30 s, annealing at
55°C for 30 s, and elongation at 72°C for 30 s; and the last step at 72°C for 5 min. To
purify the 16S V3-V4 amplicon from free primers and primer dimer species, PCR
clean-up was carried out with AMPure XP beads [Beckman Coulter, Brea, CA, USA].
Electrophoresis verified the size of the product expected at 550 base pairs, and this

was achieved by testing PCR amplified products on 1.5% agarose gel with Invitrogen

285



DNA loading dye [ThermoFisher Scientific]. The gel was visualised with 300 nm
ultraviolet light. Samples were positive on the agarose gel while the control samples
were negative. Index PCR was continued by attaching dual indices and Illumina
sequencing adapters using Nextera XT index kits. The following PCR thermal cycling
conditions were used: 3 min of initial denaturation at 95°C; 8 cycles each of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for
30 s; and the last step at 72°C for 5 min. AMPure XP beads [Beckman Coulter, Brea,
CA, USA] were utilised for final clean-up and final library quantified with the Qubit®
2.0 Fluorometer and the Qubit dsSDNA HS Assay kit [ThermoFisher Scientific].

Taxonomy and bioinformatics

Samples were normalised, and the final library was run on an Agilent high-sensitivity
chip and quantified by gPCR using the KAPA Illumina Library quantification kit. The
300 bp paired-end FASTQ product generated from 16S sequencing was merged using
Fast Length Adjustment of Short Reads [FLASH] using default parameters [8].
Quantitative Insights Into Microbial Ecology [QIIME] split_libraries fastq.py script
was used for demultiplexing and filtering the FASTQ sequence data. Further quality
filtering was performed using the USEARCH analysis tool [9]. 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
[64 bit] [Robert C. Edgar et al., 2010]. Alignment of OTUs was performed using
python nearest alignment space termination [PyNAST]; a flexible tool for aligning
sequences to a template alignment][10]. Assigning of taxonomic ranks was performed
by using BLAST against the SILVA SSURef database release 132 [11]. For species
determination, the U.S National Library of Medicine, and National centre for
biotechnology Information was then accessed in order to assign species identity to
those FASTA sequences with > 98% percentage homogeneity by using the BLAST®
tool for bacterial 16S rRNA sequencing database [12]. We further deployed the
nucleotide Basic Local Alignment Search Tool [BLASTN] taxonomy database helping
to align OTU sequences with greater than 98% identity to their up-to-date species
database. The functional roles of microbiota were also predicted using Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States [PICRUSt]
[13]. These assimilations were determined using the Kyoto Encyclopaedia for Genes

and Genomes [KEGG] pathways.
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Statistical analysis

Graphical outputs were achieved through the Microbiome Analyst R package [14].
Data were normalised and profiled for compositional and functional analysis. Relative
abundances were converted to a percentage and log space upper and lower
interquartile ranges with the variations of the medians determined between Sud,
Sudlrel and Irel.

Linear Discriminant Analysis Effect Size [LEfSe] analysis was utilised to identify
microbiome discriminants between the three groups, while one-way Anova was
employed to test for significant differences. DeSeq2 was utilised to calculate g-values
using the Benjamini-Hochberg procedure correcting for p values through the control
of false discovery rates [15], and sparse high throughput sequencing data
[MetagenomeSeq] was approached to account for rare taxa. Alpha diversity profiled
richness, evenness, and abundance estimates of microbiome communities amongst
faecal samples. Beta diversity assessed relative abundances of OTUs, clustering and
outliers and was formulated using Bray—Curtis matrices and visualised using
unconstrained analysis; Principal coordinate analysis [PcoA]. Finally, correlation
plotting was utilised to determine multivariable associations between the microbiome

and the metadata group features.
Metabolomics
Faecal extraction

We analysed the semi-polar metabolite profile and short-chain fatty acid content of 40
faecal samples. All samples were processed in randomised order to reduce the
introduction of systematic variations during sample preparation and analysis. Samples
were extracted by first fortifying with stable isotope labelled Isoleucine and extracted
with water [1:4 wt/vol] in 1.5 ml tubes. The temperature was kept below 4°C during
extraction, after which tubes were vortexed for 2 minutes until a suspension was
achieved. This was sonicated for 5 minutes. Samples were pre-separated by vortexing
for 30 seconds, followed by centrifugation at 4000 X g for 5 min. The supernatant was
transferred to a new tube and centrifuged at 16,000 X g for 10 minutes at 4°C. Finally,
the supernatant was filtered through a 0.2 um spin filter and stored at minus 20°C for
further analysis. A quality control sample was prepared by pooling small equal

aliquots from each sample extract to obtain a representative average of the entire set.
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This sample was treated and analysed at regular intervals throughout the sequence.
Possible matrix effects on short-chain fatty acids for quantification were tested by

spiking aliquots of the quality control sample at a minimum of two levels.

Semi-polar metabolite analytics

Sample analysis was carried out by MS-Omics [Denmark] as follows. The analysis
was carried out using a Vanquish LC coupled to Orbitrap Exploris 240 MS
[ThermoFisher Scientific]. An electrospray ionization interface was used as an
ionisation source. Analysis was performed in polarity switching ionisation mode. The
UPLC was performed using a slightly modified version of the protocol described by
Catalin et al. [UPLC/MS Monitoring of Water-Soluble Vitamin Bs in Cell Culture
Media in Minutes, Water Application note 2011, 720004042en]. Peak areas were
extracted using Compound Discoverer 3.2 [ThermoFisher Scientific]. Identification of
compounds were performed at four levels; Level 1: identification by retention times
[compared against in-house authentic standards], accurate mass [with an accepted
deviation of 3ppm], and MS/MS spectra, Level 2a: identification by retention times
[compared against authentic in-house standards], accurate mass [with an acceptable
deviation of 3ppm]. Level 2b: identification by accurate mass [with an accepted
deviation of 3ppm], and MS/MS spectra, Level 3: identification by accurate mass

alone [with an accepted deviation of 3ppm].

For short-chain fatty analysis, samples were acidified using hydrochloride acid, and
deuterium-labelled internal standards were added. All samples were analysed in a
randomised order. Analysis was performed using a high polarity column [Zebron™
ZB-FFAP, GC Cap. Column 30 m x 0.25 mm x 0.25 um] installed in a GC [7890B,
Agilent] coupled with a time-of-flight MS [Pegasus® BT, LECOQO]. The system was
controlled by ChromaTOF® [LECO]. Raw data were converted to netCDF format
using Chemstation [Agilent] before the data were imported and processed in Matlab
R2014b [Mathworks, Inc.] using the PARADISe software described by [16]. The
following ten compounds were analysed and quantified in umol/g: acetic acid, formic
acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, pentanoic/valeric
acid, 4-methylpentanoic [isocaproic] acid, hexanoic acid and heptanoic acid. Short-
chain fatty acids were profiled using T-test results, log? ratios between Irel/Sud,
Sud/Sudlrel and Irel/Sudlrel. The p values and corrected significant testing results
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[i/m] Q with Benjamini-Hochberg were reported. A critical value for each comparison
was detected depending on the number of total tests [10], and ranks were utilised to
order the most significant compounds. Principal component analysis, a multivariate

statistic, was used to plot data into a 2d scatter plot.

5.4 Results

Nutrient, food group and FFQ data

Average mean intakes of nutrients produced by the EPIC-Norfolk FFQ and ASA24
form were recorded. We looked for non-significance between the recall method and
food frequency method to detect validity of its use amongst the Sudanese population.
Seventeen nutrients were found to be non-significant in mean value distributions
between the EPIC-Norfolk FFQ and ASA24, while ten nutrients varied in mean values
[Table 2]. This indicated that most nutrient intake [63%] could be reproducibly
recorded using the modified EPIC-Norfolk FFQ. Food types consumed in lowest
amounts in Sud included cereals and cereal products, fats and oil, fish and fish
products, fruits and meat and meat products [Table 3]. Egg and egg products and non-
alcoholic beverages were found to be highly consumed in Sud. The highest
consumption of nuts and seeds was in Sudlrel. The energy Kcal distributions were
significantly lower [p=0.002] amongst the EPIC-Norfolk FFQ compared to the
ASA24 system. Both Sudanese groups exhibited low or negligible alcohol intake.
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Table 2: Mean value comparisons from food frequency questionnaires and 24-hour recall were evaluated in Table 2. Nutrients with a non-significant value
comparison between mean intakes or similar in recording between the two methods, indicated validity of the EPIC-Norfolk FFQ modified for the Sudanese

population.
No. Nutrient Epic-Norfolk ASA-24 mean | Distribution the same | Distribution varied between
FFQ mean value | value across two captures of | two captures of intake [p
intake [p value non- | value significant]
significant]
1 Fibre 30.31 34.69 0.347
2 Carbohydrates 32.69 32.31 0.936
[total] [g]
3 Proteins [g] 38.03 26.97 0.017
4 Fats [g] 30.66 34.34 0.428
5 Monounsaturated | 27.56 37.44 0.034
fatty acids [g]
6 Polyunsaturated 21.09 43.91 <0.001
fatty acids [g]
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7 Saturated 34.34 30.66 0.428
fatty acids [g]

8 Calcium [mg] 41.34 23.66 <0.001
9 Iron [mg] 45.97 19.03 <0.001
10 Cholesterol [mg] 36.31 28.69 0.101

11 Folate [mcg] 26.06 38.94 0.006
12 Potassium [mg] 39.53 25.47 0.003
13 Magnesium [mg] | 35.66 29.34 0.175

14 Sodium [mg] 30.13 34.88 0.308

15 Niacin [mg] 31.94 33.06 0.809

16 Vitamin A [mcg] | 33.66 31.34 0.619

17 Vitamin B2 [mg] | 36.25 28.75 0.107

18 Selenium [mcqg] 23.19 41.81 <0.001
19 Vitamin B1[mg] 28.91 36.09 0.123

20 Vitamin B12 [mcg] | 42.16 22.84 <0.001
21 Vitamin B6 [mg] 36.09 28.91 0.123

22 Vitamin C [mg] 32.94 32.06 0.851

23 Vitamin D [mcg] | 34.91 30.09 0.301

24 Vitamin E [mg] 31.34 33.66 0.619
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25 Vitamin K [mcg] 19.53 45.47 <0.001
26 Zinc [mg] 30.41 34.59 0.368

27 Copper [mg] 32.97 32.03 0.840

Total 17 10
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Table 3: Average food consumptions patterns amongst 11 food groups. Comparisons were evaluated between Sud, Sudlirel and Irel. Seven high strengths of
associations were produced indicating values are comparable for the populations questioned. Three values were of a lower strength association indicating
that the variations existing, may not fully appreciate food group pattern in analysed cohort.

Mean values
Food consumptions Sud Sudlrel Irel Eta?
Cereal and cereal products 1599 428.79 585.69 0.328 [high]
Fats and oils 8.42¢g 24.49 40.8¢ 0.354 [high]
Fish and fish products 99 105.2¢ 103.8¢ 0.217 [high]
Eggs and egg products 489 37.79 31.4q 0.04 [low]
Fruits 172.8g 572.1g 442 .59 0.29 [high]
Vegetables 237.7¢ 421.59 477.1g 0.175 [high]
Meat and meat products 43.5g 301.7g 314.1g 0.265 [high]
Milk and milk products 3809 440.89 491.69 0.013 [low]
Non- alcoholic beverages 8929 628.4¢ 5609 0.108

[medium]

Nuts and seeds 8¢ 21.19 9.1g 0.05 [low]
Sugars, preserves and snacks 20.8¢ 60.8¢ 999 0.311 [high]
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Eta? associations

Table 4 summarises mean nutrient values with significance levels and eta? [strength
of association] scores. Energy consumption was lowest in Sud [1077 kcal], highest in
Irel [3442 kcal] and intermediate in Sudlrel [2729 kcal], which was statistically
significant [p<0.001] with high strength of association [eta?=0.435].

Total carbohydrate mean values were lowest in Sud and highest in Irel with eta? =
0.315 [p <0.001]. Cholesterol mean values were similar in Irel and Sudlrel [560 and
546 mg, respectively] but were lowest in Sud [390mg] [eta?=0.10]. Fibre mean values
were the lowest in Sud [11.7g] and highest in Irel [36.1g]. Proteins were significantly
lower in Sud [74.2g] compared to 184.9g in Sud and 175.5g in Sudlrel with a large
effect size [eta® = 0.29]. Total fats were low in Sud [average 66g] compared to 147 and

171gin Sudlrel and Irel respectively.

lodine mean values were lowest in Sud [72.9 mcg] and highest in Sudirel [199.4 mcg]
[eta? =0.362] with p< 0.001. Calcium mean values [mg] were lowest in Sud and
highest in Sudlrel with eta? =0.041, [p = 0.05]. Average Iron levels were increased in
Sudlrel [59.3mg] and were lowest in those living in Sudan [21.1mg]. Potassium and
sodium levels [mg] were both lowest in Sud [2830 and 2422mg, respectively]. Vitamin
B5 [pantothenic acid] average, on the other hand, was found to be higher amongst the
Sud group [1.17mg] compared to Irel [0.27mg] and Sudlrel [0.53mg], respectively.
Vitamins B1, B6 and B12 were all found to be low in Sud.

Microbiome findings

A total count of 11438812 reads was obtained and assigned to 2074 OTUSs. Firmicutes
was the commonest phylum in all groups comprising an average of 73% of gut
microbiome composition. This was followed by Bacteroidetes in Irel [14%] and
Actinobacteria in Sud [13%]. Sudlrel exhibited a middle lane expression of [15%]
Bacteroidetes and [12%] Actinobacteria. Proteobacteria were not evident in Sudlrel.
Other phyla in all groups included Verrucomicrobia, Euryarchaeota,

Desulfobacterota and Patescibacteria.

Lachnospiraceae was the most dominant family in the study groups with Irel having
the greatest abundance [41%] and Sud having the lowest abundance [29%], while

Sudlrel was in between [30%] [Figures 1la-1b]. Genera in this family were also low in
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Sudanese cohorts and included Lachnospira [q=1.623e-09], Coprococcus [g=0.006],
Blautia [q=5.3133e-6], Roseburia [g= 3.6265e-5] and Dorea [q=1.6031e-4] [Figures
1c-1g]. In addition, the median abundance of Marvinbryantia [Figure 1h] was found
to be lowest in Irel, a trend unlike the other Lachnospiraceae genera [g= 0.002].
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Table 4: Mean nutrient value summary with significance levels and eta? [strength of association] scores. A generally lower nutrient intake was observed in Sud
compared to the remaining groups while in this cohort, fibre intake in Irel was relatively high compared to the population average [~20g] [120].

Nutrient Mean values P value 0.01= small, 0.06 = medium &
0.14 or higher = large effect
size

Sud Irel Sudlrel Eta? [strength of association]

Macronutrients

Proteins [g] 74.29 184.99 175.59 <0.001 0.297

Fibre [g] 11.7g 36.1g 329 <0.001 0.413

Carbohydrates [g] 2119 463g 425¢ <0.001 0.315

Fats [g] 66.6 g 171.2 g 147.8 <0.001 0.313

Monounsaturated 17.1¢g 55.5¢ 49.79 <0.001 0.375

fatty acids [g]

Polyunsaturated fatty | 6.56g 26.8 g 24.69 <0.001 0.345

acids [g]

Saturated fatty acids | 30.4 ¢ 649 52.29 <0.001 0.241

[q]

Other nutrients

Calcium [mg] 1326mg 1696mg 1578mg 0.05 0.041
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Cholesterol [mg] 390mg 560mg 546mg <0.001 0.100
Iron [mg] 21.1mg 46.4mg 59.3mg <0.001 0.130
Folate [mcg] 215 mcg 477 mcg 507 mcg <0.001 0.337
lodine [mcq] 72.9 mcg 238.6 mcg | 199.4 mcg <0.001 0.362
Potassium [mg] 2830 mg 6708 mg 6366 mg <0.001 0.329
Sodium [mg] 2422 mg 6271 mg 4153 mg <0.001 0.312
Niacin [mg] 12.6 mg 44.9 mg 47.1 mg <0.001 0.319
Vitamin A [mcg] 657 mcg 1170 mcg 1368.3 mcg <0.001 0.108
Vitamin C [mg] 111 mg 205.1 mg 202.6 mg <0.001 0.199
Vitamin B2 | 2.05mg 3.35mg 3.34 mg <0.001 0.177
riboflavin [mg]

Vitamin D [mcg] 4.77 mcg 8.74 mcg 7.78 mcg <0.001 0.123
Vitamin B5 | 1.17mg .27mg .53mg <0.001 0.329
pantothenic acid

[mg]

Vitamin B1 thiamine | 0.92 mg 3.32mg 2.22 mg <0.001 0.454

[mg]
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Vitamin B12 [mcg] | 6.26 mcg 14.68 mcg | 18.99 mcg <0.001 0.281
Vitamin B6 [mg] 1.42 mg 4.28 mg 4.35mg <0.001 0.375
Vitamin E [mg] 7.93 mg 22.3mg 19.61 mg <0.001 0.334
Vitamin K [mcg] 15.89 12.89 35.1g <0.001 0.177
Selenium [mcg] 49.4 mcg 13454 mcg | 116.6 <0.001 0.351
Zinc [mg] 6.77 mg 19.2 mg 17.36 mg <0.001 0.364
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Figure 1:
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la and 1b: Pink=Irel, green=Sud and blue=Sudlrel. One-way Anova abundance findings.
Lachnospiraceae are reduced in abundance in Sud. 1c-1h. log abundances of
Lachnospiraceae associated genera show continuously marked lower medians in Sud with

increased composition in Sudlrel and Irel.

Species associated with the Lachnospiraceae family and found to be low in Sud
included the Blautia species, luti [98% ident] [Figure 2a] and faecis [Figure 2b and
2c] and Fusicatenibacter saccharivorans [OTU_157, 96% ident], [g= 2.5397e-6]
[Figure 2d]. Sequences in similarity to Dorea longicatena [OTU 1477, >95% ident]
[Figure 2e], and Roseburia faecis [OTU 1091, >96% ident] [q=3.3873e-7] [Figure 2f]
were also low in Sud. Butyribacter intestini [OTU_343, 99% ident], [q=1.2864e-5]
was also found to be virtually absent in Sud but were more relatively abundant in
Sudlrel and Irel [Figure 2g].

Ruminococcaceae was the next most abundant family, equal in abundance amongst all
groups [~ 24.5%]. Bifidobacteriaceae was similar in relative abundance in Sud and
Sudlrel [~ 8.5%] but were least abundant in Irel [5%]. Bacteroidaceae, on the other
hand, was most enriched in Irel [10%] compared to [6%] and [3%] in Sudlrel and Sud
respectively. Sud and Sudlrel groups also had similar abundances of Prevotellaceae
[7%], unlike [2%] in the Irel group. Lactobacillaceae [3%], Coriobacteriaceae [4%)]

and Erysipelotrichaceae [6%] were enriched in Sud.

We utilised one-way Anova to detect significant genera variations between groups.
Those microbiome compositions reduced in Irel but in high relative abundance in the
other groups, included Prevotella [g=3.169e-06], Alloprevotella [g= 1.463e-02],
Megasphaera [g=4.61e-05], Holdemanella [q=4.461e-05], Intestimonas [(=6.243e-
03] and Lactobacillus [q=2.918e-09] [Figure 3]. Bifidobacterium was enriched in Sud
and Sudlrel, [g=7.023e-03], while Weissella was enriched in Sud [q=7.120e-07]
compared to Irel. Prevotella was retained and enriched in Sudlrel [52%], followed by
Sud [41%], while the Irel group exhibited only [7%] with Prevotella copri
[Prevotella_9, q = 2.7708e-9], the most abundant species. Streptococcus was also
found to be abundant in the Sudanese [34-56%] compared to the Irel cohort [9.3%].
In this study, the Irel group had a much lesser relative abundance [2.8%] of

Bifidobacterium than both Sudanese groups [23-73%]. Clostridium cluster 1 was
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found to be in highest relative abundance in Sudirel [56%] compared to just over 20%

in Sud and lIrel.
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Figure 2:
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2: The further following of Lachnospiraceae associated species with reduced abundance in
Sud. Species 2a: Blautia luti, 2b: Blautia faecis, 2d: Fusicatenibacter saccharivorans, and
29: Butyribacter intestini shows greater than 98% identity utilising BLASTn sequence
identification while 2c: OTU_1455, 2e: OTU_1477, and OTU_1091, were similar in sequence
to associated species and may represent similar species.
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Figure 3:
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3: Depletions of genera within Irel. One-way Anova annotations between groups. Prevotella: g=3.169e-06, coefficient: 1.8e+00, Alloprevotella: q=1.463e-02,
coefficient: 4.76e-01, Megasphaera: q=4.61e-05, coefficient: 1.45e=00, Intestimonas: q=6.243e-03, coefficient: 6.00e-01, Holdemanella: g= 4.461e-05,

coefficient: 1.56e+00 and Lactobacillus: g=2.918e-09, coefficient 1.94e+00.
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Similar sequences to Clostridium leptum [cluster 1V] species could also be observed
to be depleted in Sud [g= 3.654e-5, 94% ident]. Ruminococcus_1 [q=1.6503e-4] was
found to be least abundant in Sud. Subdoligranulum [g= 5.6124e-4] was found to be

enriched in Irel compared to the other cohorts.

Several genera were found to be enriched in Irel, of which Bacteroides [q=3.056e-05],
Lachnospira [g=1.623e-09], Negativibacillus [q=5.73-e-05] and Monoglobus
[g=4.199e-02] [Figure 4] were in high relative abundance. Bacteroides abundance in
Sud was found to be 15%, 38% in Irel and 46% in Sudlrel. Low in all groups were the
genera Enterococcus [g=1.191e-04] and Megamonas [g=1.132e-02]. Table 5
highlights other genera relative abundances between the three cohorts after p-adjusted

corrections.

Several Eubacterium species were identified within the groups. Eubacterium eligens
[g = 3.389E-6] was found to be low in Sud [99% identity] and Eubacterium ramulus.
Eubacterium ventrosium [q=1.6972-e] and Eubacterium coprostanoligenes [q=
0.003], on the other hand, were similar in abundance amongst all groups, while
Eubacterium hallii was the species in highest relative abundance and composed [7-

9%] of the gut microbiome [Figure 5].

In Sudlrel, Clostridium cluster 1 [clostridium sensu stricto] was most abundant [56%]
compared to Sud and Irel [20%]. Similar sequences to Clostridium leptum [cluster 1V]
could be observed to be low in the Sud group. Lower relative abundances of
Faecalibacterium could also be observed in Irel [24%], while Sud [31%] and Sudirel
[44%] had higher relative abundances [q = 1.2206e-4]. Anaerostipes [q = 0.0016] was
found to be enriched in Sudlrel [50%] and Sud [32%] compared to Irel [only present
at 16%].
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Figure 4:
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4: Enrichments in microbiome genera in Irel. Lachnospira: g=1.623e-09, coefficient 1.3e+00,
Bacteroides: q=3.056e-05, coefficient: 9.05e-01, Negativibacillus: q=5.730e-05, coefficient:
4.40e-01 and Monoglobus; g=4.199e-02, coefficient 4.77e-01
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Table 5: Genera with significantly associated p- adjusted values in the three cohorts, Sud, Sudlrel and Irel. Seven genera were associated with Sud and Sudlrel.
Sud exhibited the greatest increased stand-alone genera significance [seven genera] that were found to be uniquely either high or low in Sud. *Alistipes

finegoldii [99% ident] was the species identified and found to be depleted in the Sud group with an increased abundance in Sudlrel with highest interquartile

ranges found in Irel.

Genus

Sud

Sudlrel

Irel

Slackia

High [q=6.243e-03]

Oribacterium

High [g=1.753¢-02]

Methanobrevibacter

High [g=2.249¢e-02]

Senegalimassilia

High [q=8.396e-03]

Catenibacterium

High [gq=1.229¢-02]

Fournierella

High [g=3.218e-02]

Mitsuokella

High [g=3.937e-02]

Butyricimonas

High [g=4.169¢-02]

Sutterella

Low [g=1.266e-02]

Parasutterella

High [g=1.451e-02]

Gordonibacter

High [g=1.443e-04]

Enterorhabdus

High [g=3.056e-05]
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Klebsiella

High [g=3.9067-€]

Subdoligranulum

Low [g=5.6124e-4]

Ruminiclostridium_5

High [0=0.002]

Odoribacter

Low [q=1.372e-5]

Alistipes*

Low [q=1.3425€]
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Figures 5:
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5: Eubacterium species identified in this study included eligens, ramulus, coprostanoligenes and hallii. Eubacterium hallii was the most enriched species, albeit

still lower in abundance in Sud. Eubacterium coporostanoligenes was similar in abundance throughout the cohorts.
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Akkermansia, on the other hand was found to be nearly doubled in Sudlrel [43%)]
compared to the Irel and Sud groups [~27%], while Collinsella was four times more
abundant in Sud and Sudlrel [44%] compared to Irel [11%] [g=2.766e-5].
Holdemanella [q=461e-05] was enriched in Sud and Sudlrel and Dialister was also
abundant in the Sudanese groups [41%] compared to 17% in Irel [q = 1.347e-12].
However, Dialister invisus [OTU_28, 99.35% ident] was absent from the Sud group
compared to those living in Ireland. The genus Klebsiella was only abundant in Sud
[g=3.9067-e]. Methanobrevibacter [g=2.249e-02] was also found to be significantly

abundant in Sud.

Bilophila [q=4.4426e-4], Odoribacter [g= 1.372e-5] and Alistipes [q=1.3425¢e] were
found to be least abundant in Sud with Alistipes finegoldii [OTU 164, 99% ident], the
species identified. A similar trend for Alistipes timonensis [OTU 1697, 97% ident] was
also identified. Ruminiclostridium_5 was low in Sud and Sudlrel compared to Irel [q
=0.004], and Ruminococcus 1 was found to be least abundant in Sud [q= 1.6503¢-4]
with the species, Ruminococcus faecis [OTU 977, >96% ident] [g=3.65011e-5]

identified. Parasutterella was also found to be low in Sud [q=1.6348e-4].

Alpha and Beta diversity

Alpha diversities [alpha diversity index] were found not to be significantly different
between groups but were found to be high. Observed species or richness was found to
be >200 variety indices [p= 0.08] [Figure 6a]. Chao’s index measurements were found
to be between 200-800 [p= 0.15], further appreciating richness including rare species
[Figure 6b] while Shannon diversity index or evenness, [p= 0.74] was also found to
be high [3-4.5] [Figure 6¢][17]. B diversity highlighted a clear separated distinction
between Irel and Sud groups, with Sudlrel ‘sandwiched’ in between the other groups.
B diversity was analysed through principal co-ordinate analysis using unweighted
UniFrac distance and was found to be significant [p< 0.001] [Figure 6d].
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Figures 6a-6c¢:

6a 6b bc

It

6: Non-significant a variations were generally observed. Pink=Ireland, green=Sudan and

8

1

600

F=
o
o

A s
oo
. v+ NEUNS 4o

8

Alpha-diversity Index: Chaol
S
Alpha-diversity Index: Shannon
N w

Alpha-diversity Index: Observed

Blue=Sudanese living in Ireland. 6a: Richness [observed], P=0.08. 6b: Chaol, p=0.15, and
6¢: Shannon diversity, p=0.74. However, a high « diversity was evident in all models. Chaol
was used to take into consideration any low abundance taxa and the independency of
likelihood of presence of taxa in the gut microbiome community using Poisson distribution.
The line inside the boxes represents the median while each box represents the upper and lower

interquartile range with circles being outliers.
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6d. Elliptical PCoA graph of # diversity on the other hand was significantly varied between

groups [p<0.001] with ‘sandwiching’ of Sudlrel in relation to the remaining study cohorts

Nutrient-genera correlations

Correlation plotting highlighted several significant nutrient-genera associations. This
included alcohol and the genus Parabacteroides in Sudlrel [g=1.31e-11], Galactose
and Coprococcus in Irel [q=1.71e-06] and Monoglobus in Sudlrel [q=0.006]. In Sud,
the family Lachnospiraceae was positively correlated with iodine [q=0.004] [Figure
7a]. The low fibre intake associated with Sud was significantly correlated with
Eubacterium eligens [q=0.04]. Erysipelotrichaceae was positively associated with
Sud and lactose [g=0.005] [Figure 7b]. Megamonas was found to be the most
positively correlated with key nutrients and specifically with the cohort Sud. It was
significantly associated with calcium [g=0.001], magnesium [g=0.001], phosphorus
[g=0.0002], potassium [q=0.02], protein [q=0.004], vitamin B2 [g=0.002], vitamin B5
[g=0.01], vitamin E [g=0.03], total fats [q=0.006] and saturated fats [q=0.005] [Figure
7a-7c].
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Vitamin B5 was positively correlated with three different genera depending on cohort
and included, Monoglobus for Sudlrel [g=0.01], Megamonas for Sud and
Coprococcus for Irel [g=0.01]. Collinsella was positively correlated with the cohort
Sud and Vitamin D [g=0.04]. In contrast, zinc was positively correlated with four
distinct genera that included Ruminococcus in Irel [q=0.04], Phascolarctobacterium
in Sudlrel [g=0.01] and Lactobacillus [q=0.04] and Collinsella [q=0.04] in Sud
[Figure 7c].

314



Figure 7a:
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Figure 7b:
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Figure 7c:
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7. Nutrient genera correlation plotting of top 50 genera in Sud, Sudirel and Irel. Although
Lachnospiraceae was found to be decreased in Sud, they were positively associated with
iodine, known to be endemically deficient in Sudan [7a]. Megamonas was the most positively
associated nutrient-genus group in Sud [7a-7c]. The low fibre intake in Sud may also be

associated with the low abundance of Eubacterium eligens [7a].

Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States [PICRUSTt]

LEFSe plotting highlighted important differentiations in the KEGG orthology
pathways between the Sudanese [Sud and SudlIrel] and Irel groups [Figure 8a]. The
most prominent pathways in the Sudanese were K06199 [fluoride exporter], K03293
[amino acid transporter], KO08281 [nicotinamidase/pyrazinamidase], K04042
[carbohydrate metabolism - bifunctional UDP-N-acetylglucosamine
pyrophosphorylase / glucosamine-1-phosphate N-acetyltransferase], K08884
[metabolism of protein - serine/threonine protein kinase], K02029 [amino acid
transport] and KO03924 [metabolism — MoxR-like ATPase involved in the

transmembrane movement of substances].

In Irel, prominent pathways were K03088 [genetic information processing — RNA
polymerase sigma — 70 factor], K09686, K09687, K10440, K10439, K10441 and
K02057 [saccharide, polyol, and lipid transport — ribose transport system].

We further distinguished specific variations between the Sud and Sudlrel groups
[Figure 8b]. Sudlrel exhibited prominent KEGG pathways related to carbohydrate
metabolism [K02793, K02794, K02796, K02773, K02774, K02775] and fatty acid
degradation [K00248]. Others included K03436 [genetic information processing] and
K03522 [signalling and cellular processes]. In Sud, two pathways were of important
variation from Sudlrel including K03496 [genetic information processing associated

with cytoskeleton proteins] and K02025 [sugar transport system permease protein].
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Figures 8a - 8b:
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PICRUSt data 8a: Comparisons between Irel, Sud and Sudlrel, highlighted the Sudanese
having abundant  amino acid exportation, fluoride [K06199], and
nicotinamidase/pyrazinamidase pathways [K08281], than Irel with multiple saccharide,
polyol and lipid transport pathways and multidrug resistance KEGG orthology pathways
[K09687 and K09686]. 8b: Comparisons between those living in Sudan [Sud] and those
Sudanese living in Ireland [Sudlrel]. Those in the Sudlrel group exhibited multiple
carbohydrate metabolism pathways while those in Sud harboured sugar transport [K02025],

and genetic information processing [K03496], as discriminant pathways.

Metabolomic findings

A total of 4177 compounds were detected in the samples. Hereof, 98 metabolites could
be identified [level 1]. Further, 83 compounds could be matched to library compounds
over their accurate mass and retention time [level 2a]. Additionally, 153 compounds
were annotated by accurate mass and matched to MS/MS fragmentation reference
spectra [level 2b]. 1222 compounds were annotated by exact mass, isotope pattern and
reference count [level 3]. Finally, 2621 compounds were distinguished from the
background but remain unknown. The score plot from the principal co-ordinate
analysis [PCA] model calculated on the compounds annotated on levels 1 and 2a in

the reduced dataset can be found in Figure 9a.
Metabolomic compound variations between Irel, Sudlrel and Sud

We found 27 metabolites significantly varied between Irel and Sud, 21 between Sud

and Sudlrel and none between Irel and Sudlrel. These are presented in Table 6.

Table 6: Metabolites with significant variations comparing Irel and Sud and Sud and Sudlrel.

No significant variations were found between Irel and Sudlrel.

Compound Irel/Sud [p value] Sud/Sudlrel [p value]
Proline 0.003 0.001
Threonine 0.002
Adipic acid 0.04 0.005
Sebacic acid 0.007
Urocanic acid 0.01 0.008
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N-Acetylneuraminic acid 0.01
Serine 0.01 0.01
Dodocanedioic acid 0.008 0.01
Tyrosine 0.01
Glycine 0.01 0.01
Azelaic acid 0.02
Glutamic acid 0.02

4-Guanidinobutyric acid 0.001 0.03
Isoleucine 0.01 0.03
2-Methylbutyrylglycine 0.009 0.03
2-Aminoadipic acid 0.04
Shikimic acid 0.04
Lysine 0.02 0.04
Sugar alcohol 0.04
4-hydroxy-3-methoxymandelic 0.05
acid

Xanthine 0.001

Cotinine 0.013

Aspartic acid 0.005

Uracil 0.002

Thymine 0.01

Citrulline 0.01

Ornithine 0.02

Phenylalanine 0.02

Hypoxanthine 0.013

dinosine 0.01

Phosphocholine 0.02

Cytosine 0.02

dUridine 0.009

3-Methylbutanoic acid 0.004

Thymidine 0.01
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N, N Hexamethylene 0.03

bis[acetamide]

The amino acids proline, threonine, serine, glycine, Isoleucine, lysine, leucine,
thymine, glutamine, alanine, methionine, citrulline, histidine, ornithine, and glutamic
acid and the aromatic amino acids, phenylalanine, tyrosine, and tryptophan, were all
elevated in Sudlrel. Arginine was found to be high in Sud, theanine low in Irel, and
taurine was low in Irel and Sud. Tryptophan metabolites included Kynurenine and
Kynurenic acid and were found to be high in Sud and Sudlrel, while tryptamine was
high in Sudlrel.

Those acids found to be high in Sudlrel were adipic, uric, sebacic, 2
hydroxyisocaproic, 2-hydroxyphenylacetic, hippuric, 4,8-dihydroxyquinoline-2-
carboxylic, pyroglutamic, urocanic, acetylmuramic, suberic, aspartic, gluconic, mucic,
malic, traumatic, and alpha aminobutyric acids. Those metabolites high in Sudirel
included n-acetyl-ornithine, xanthine, n-acetylmannosamine, cotinine, maltotriose,
phenyl-ac-gln-oh-2, n-acetyl-5-hydroxytryptamine, cytosine and pyridoxine. Bile
acids and secondary metabolites included cholic acid, a and b-muricholic,

deoxycholic, hyodeoxycholic and were found to be high in Sud.

Threonic [sugar acid], diaminopimelic, glyceric and 5-aminovaleric were also found
to be high in Sud. The acids glutaric, 3,4-dihydroxybenzoic, and pantothenic acids and
the metabolites, allopurinol, uridine, inosine, n-acetyl-methionine, xanthosine, 3-
methylhistidine and methyl-3-indoleacetate were low in Sud and Irel. The acids, n-
acetyl-neuraminic [an antioxidant and bacterial metabolite], dodocanedioic, azelaic,
2-aminoadipic, 3-methyladipic and shikimic acid were elevated in all groups.
Phosphocholine was increased in the Sud group compared to Irel [log? ratio=5.3] and

Sudlrel [log? ratio=0.8]. Choline was similar between the groups.

Quinic, succinic [carbohydrate fermentation], B-d-glucopyranuronic, n-acetyl-
glutamic, 3,4-dihydroxyphenylacetic, 2-oxoglutaric, methanesulfonic, 2-oxo-3-
phenylpropanoic and 4-hydroxy-3-methoxymandelic acids were high in both Sud and
Sudlrel, while the metabolites, carnitine, glycyl-valine, caffeine, theobromine, hexose,

theophylline, 2 — deoxyglucose, creatine, artemisinin, galactosamine and 4-
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hydroxyproline were also high in both Sud and Sudlrel. The acids a-muricholic, gallic,
cis-aconitic, 2,5-dihydroxybenzoic, deoxycholic, hyodeoxycholic and homovanillic
acid, and the metabolites, anserine, carnosine, leucyl-alanine, and n-acetyl-tyrosine
were high in Sud compared to Irel but low when compared to Sudlrel.

The acids n-acetyl-aspartic, 3-methylbutanoic, 2-hydroxybutyric, fumaric and
picolinic acids, and metabolites, 4-acetamidophenol, trigonelline, glycyl-glycine, 4-
vinylguaiacol, glycyl-leucine, d-uridine, n-acetyl-phenylalanine, GMP, thymidine, 5-
methyltryptophan and N, N'-hexamethylene bis[acetamide] were all low in Irel. N8-
acetylspermidine was found to be high in Sud and SudlIrel. Trimethylamine—N-Oxide
was higher in logfold change between Sud and Sudirel [log? ratio = 1.5] compared to
Irel and Sudlrel [log? ratio= 0.2]. 4 vinylphenol was high in Sud and SudlIrel compared

to Irel with log? ratios of 4 and 1.9, respectively.
Short-chain fatty acid results

Isobutyric [log? ratio = -0.8], isovaleric [log? ratio = -1], valeric [log? ratio = -1.1],
propionic [log? ratio = -0.8] and heptanoic [log? ratio = -0.9] acids were lower in Irel
compared to Sud and Sudlrel. Isobutyric [p=0.0], isovaleric [0.002] and valeric
[p=0.03] acids, were found to be significantly varied between Irel and Sud groups.
Isocaproic acid was low in both Irel [log? ratio = -0.7] and Sud [log? ratio = -0.5]
compared to Sudlrel. Formic [log? ratio = 0.2] and butyric acids [log? ratio = 0.3] were
found to be higher in Sud, with formic acid being significant [p=0.03]. Hexanoic acid
was highest in Sudlrel [log? ratio = 0.9]. A score plot of the relative concentrations of

ten short-chain fatty acids is presented in Figure 9b.
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Figures 9a - 9b:
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Green squares = Sud, dark blue triangles = Sudlrel and red diamonds = Irel. Quality control samples are indicated by light blue reversed triangles. 9a: Score
plot from a PCA model calculated on the compounds annotated on levels 1 and 2a in the reduced dataset. In this plot, the quality control samples are tightly
grouped indicating that the analytical variance [represented by the spread of the quality control samples] is greatly exceeded by the biological variance
[represented by the spread of the samples]. The quality control samples are located close to the centre of the plot indicating that matrix effects are not an issue
with these samples. 9b: Score plot of the relative concentrations of ten short chain fatty acids. Isobutyric [p=0.0], isovaleric [p=0.002] and valeric [p=0.03]
acids, were found to be significantly varied between Irel and Sud groups. ‘Sandwiching’ effect of Sudlrel is continued in metabolomic findings where expression
of functional activity resembles both traditional and resculpted microbiome gut parameters.
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5.5 Discussion

Here, we report on how gut microbiome, metabolome and dietary patterns of the
Sudanese population relate to traditional [Sud] and westernised [SudlIrel] settings in
comparison with Irish controls and how the modulatory effects through habitat and
diet may offer a significant variation on either susceptibility or protection against the

development and progression of several disorders and nutrient profiles.

Dietary intakes were significantly varied, with five and two food groups found to be
consumed at lowest and highest rates in Sud, respectively, compared to the remaining
groups. A low energy intake [kcal] was associated with Sud, i.e., living in Sudan,
compared to Irel and Sudlrel, i.e., living in Ireland. Carbohydrates were found to be
consumed less in Sud, including fibre, while cholesterol, fat and protein levels were
found to be similar among those living in Ireland [Irel and Sudlrel]. Other nutrients
such as calcium and iron were increased in Sudlrel while vitamin B5 was highest in
mean intake in Sud. These findings highlight that those living in Sudan have a different
dietary landscape that may be predominantly healthier in aspects and less nourished
in others compared to those who migrate to westernised environments. While African
diets tend to promote a higher fibre intake, we found low fibre intake in Sud, likely
associated with the urbanisation of our study cohort. Indeed, gut microbiome profiles
amongst Africans have been shown to skew towards the favourability of developing
type two diabetes [18], although consumption of sorghum and millet-based foods
amongst the Sudanese can promote a healthier gut lining and improved microbiota-

immune tolerance [19].

The migration of people to westernised countries is said to improve health, although
this effect is found to normalise and even weaken over time [20]. Reports suggest that
physical activity is often low in migratory groups [21], for example, further promoting
the development of non-communicable disease. In North Africans, including the
Sudanese, the risk of developing diabetes after migration is high while the risk of
developing stroke and coronary heart disease development varies in the literature, with

both a reduced [22] and an increased [23] risk reported. In Sudan, there is now an ever-
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increasing burden of non-communicable diseases including higher rates of obesity,
type two diabetes, renal disease and cancer [24]. In a recent large-scale national survey
of 7,722 participants, it was found that nearly one in three Sudanese had more than

three or more risk factors for developing of non-communicable disease [25].

Among the gut microbiota, Firmicutes was the most relatively abundant phylum in all
groups, Bacteroidetes were high in Irel, and Actinobacteria were found to be high in
both Sudanese cohorts, agreeing with the literature [26]. Proteobacteria were not
evident in Sudlrel and have been shown to be the most abundant phylum in an
Egyptian cohort [27]. When further appreciating metagenomic findings, we have
determined that traditional gut microbiome may remain so for various genera
[Collinsella]. In contrast other genera become reduced [Lactobacillus] or increased
[Bacteroides] in abundance in relation to migration. In a study by Vangay et al. [2018],
gut microbiome westernisation is thought to begin at around 6-9 months in those
relocating to the United States [28]. In the Sudlrel group, the gut microbiome remained
traditional for Prevotella and Bifidobacterium and was resculpted for Bacteroides,
most likely in response to the higher fat and carbohydrate intake in the diet after

settling into a westernised culture [29].

The study cohort, Sudlrel, predominantly exhibited a microbiome [Figure 6d] and
metabolome [Figure 9] marked by a ‘sandwiched’ composition between the other two
groups, Sud and Irel, highlighting that migration has an important role in the sculpting
of the natural existence of metagenomic findings, and indeed carries a functional role
in contributing to human adaptability [30]. After moving to a westernised environment
such as Ireland, the gut microbiome of the Sudanese becomes modified, likely
following the changes in lifestyle and diet that occur upon migration but also in health,

environment, and stress.

Interestingly, Prevotella was retained and even enriched in Sudlrel [52%]. Other
studies have highlighted a loss of Prevotella after migration [28] [31], and have
primarily linked Prevotella abundance with the gut microbiome of those living in rural
Africa [32]. Prevotella abundance is likely to increase with long-term fibre intake
[diets rich in plant-based foods] but is lower in those with animal-based dominated
diets [29, 33]. Furthermore, the consumption of traditional foods that are of African
origin has been associated with abundance in Prevotella [34] [35]. This would indicate
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that gut microbiome memory may be retained after moving to Ireland due to the
continuation of Sudanese traditional food consumption even outside the traditional
setting. However, the increase of Prevotella in Sudlrel may also suggest that even
though this genus may once have been in harmony with the remaining gut microbiome,
transfer to westernised environments could create ‘a toppling effect’, allowing for
these bacteria to exist in a presumptuous state. Alloprevotella was found only in the
Sud and Sudlrel groups, a genus that may decrease the levels of triglycerides and may
allow for a reduced risk of cardiovascular disease development [36]. Alloprevotella
abundance has also been associated with the decreased incidence of non-alcoholic

fatty liver disease [37].

Furthermore, modern Sudanese gut microbiome was enriched in the species Prevotella
copri [Prevotella_9, g = 2.7708e-9], a multi-clade genus with four distinct groups
recognised in the African microbiome compared to only one clade amongst
westernised populations [38]. An enrichment of Prevotella in the Sudirel group may
suggest that differing Prevotella copri clades are capable of utilising numerous dietary
polysaccharides [39] due to a varied diet intermixed with both African and European
identity, which may not have been accessible before migration. Research suggests that
Prevotella vary in genomic capability, whereby westernised abundance is associated
with drug metabolism while non-westernised abundance is related to carbohydrate
metabolism [31]. Prevotella is both negatively and positively associated with health.
Its abundance is particularly linked to the development of inflammatory diseases such
as rheumatoid arthritis due to its association with T-helper 1 and T-helper 17 immune
cell responses and the release of inflammatory cytokines that include interleukin 6 and
23 [40]. Increased abundance of Prevotella has further been associated with the

development of insulin resistance and metabolic syndrome [26].

Several studies have developed new understandings of the African gut microbiome
landscape. Rubel et al. [2020] noted that the top three gut bacterial genera amongst a
Cameroonian cohort were Prevotella, Bacteroides and Faecalibacterium [32], while
in Tanzania, the gut microbiome of Hadza hunter-gatherers was found to be dominant
in Prevotella, Treponema, unclassified Bacteroidetes, Clostridiales and Oscillibacter
[41]. These hunter-gatherers showed depleted levels of Bifidobacterium, unlike in the

Sudanese population, but a reduced level of Lachnospiraceae [Roseburia, Blautia and
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Dorea], like our findings. In Burkino Faso, Prevotella was also found to be abundant
[42]. In another study in healthy Ghanians, Subdoligranulum and Escherichia-Shigella
were enriched as part of the normal Ghanian gut microbiome however this was not the
case in our Sudanese cohort [43], where instead, Subdoligranulum was more enriched
in the Irel group. Bifidobacterium was low in a study carried out in Papa New Guinea,
while Slackia and Propionibacterium [both not detected in the Sudanese], were high.
Lactobacillus and Streptococcus were also high in these studies, similar to our findings
[44]. Other studies have noted an increased abundance of Peptostreptococcus and
Desulfovibrio amongst African gut microbiome [26] as well as Treponema; however
these were not evident in our study group [32]. Sulphate- reducing bacteria are noted

to be high among Africans due to increased saccharolytic fermentation [45].

In Sudlrel, Bacteroides enrichment was found to be tripled [46%], compared to Sud
[15%]. Bacteroides is known to be associated with westernised diets and the changes
in dietary consumption have considerable effects on Bacteroides composition amongst
the Sudanese living in this environment. It appears that the more distinguished
Bacteroides/ Prevotella abundances in the Irel and Sud group were seen to be lost in
Sudlrel, with merging of microbiome gradiences. This may be associated with a
complex array of abnormal enterotype patterns, altering states of susceptibilities and

protections against diseases that could be unique to this cohort [35].

We further found probiotic bacterial predisposition amongst the Sudanese.
Bifidobacterium [q=7.023e-03], Lactobacillus [q=2.918e-09] and Weissella
[g=7.120e-07], were found to be enriched amongst the Sudanese compared to Irel.
These lactic acid bacteria generally become prominent early in life through
breastfeeding, a practice more commonly established in Sudan and other African
countries [46-48] [49] but diets also play a role where such genera are commonly
associated with the regular consumption of African fermented foods [47].

In this study, Irel had a much lesser abundance [2.8%] of Bifidobacterium compared
to both Sudanese groups [23-73%], a finding in contrast to other studies from Europe
[32] In comparison, Bifidobacterium has been found in greater abundance in Japanese
adults [50, 51]. Sudanese diets often contain traditional leafy vegetables and peanuts
that have been shown to enrich Lactobacillus and Bifidobacterium [2, 52].
Furthermore, Bifidobacterium abundance is inversely correlated with reduced alcohol
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consumption [53], a trait strongly evident in the Sudanese population, irrespective of
migration. Lactate produced by Bifidobacterium may be linked with insulin resistance
[32]. Bifidobacterium abundance has been shown to protect against diarrhoea, while
gut colonisation with Lactobacillus and Bifidobacterium may offer protection from

malarial disease [54].

We found a diminishing abundance of Lactobacillus amongst Sudlrel compared to
Sud, likely due to the replacement of Lactobacillus-rich foods in the diets of Sudlrel,
with more protein, fat, and carbohydrate enriched foods. In addition, the reduced fat
intake highlighted in the dietary analysis of Sud may further promote Lactobacillus
abundance [55], while the higher iron levels observed in the diets of Sudirel, are

associated with lower Lactobacillus abundance in the gut [56].

Lactobacillus abundance has been positively associated with improved gut integrity
and transepithelial resistance of the proximal colon, but several Lactobacillus species
may also be reservoirs of antimicrobial resistance gene transfer [46] [55]. While
Lactobacillus genera were enriched in Sud, certain species were not. Lactobacillus
rogosae was found to be absent in the Sud group. This would suggest that
Lactobacillus strains also differ in geographic origin and are likely affected by local
dietary or probiotic consumption. Overall, these lactic acid bacteria can produce
neurotransmitters including gamma aminobutyric acid by Bifidobacterium, and

dopamine, serotonin and histamine by Lactobacillus [54].

Weissella, enriched in Sud, improves the nutritional quality of sorghum-based foods,
a vital stable in Sudan [57]. Its high presence in Sud may indicate a common source
of food-based products, which is absent from Irish consumption. It may also offer
protection against diseases that include irritable bowel syndrome, although it is known
to be an opportunistic pathogen [58]. Abundances of Streptococcus in the Sudanese
[34-56%] compared to the Irel cohort [9.3%] was also evident. Streptococcus plays a
role in reducing inflammatory gut activity and in the reduction of uremic toxins. This
suggests a natural protection against chronic kidney disease in Sudanese cohorts [59].
Probiotics with Streptococcus thermophilus has been shown to play a role in

preventing the advancement of chronic kidney disease.

Butyrate [butyric acid] production can occur by Clostridium cluster 1V and

Clostridium cluster XIVa which includes the Clostridiales order and Lachnospiraceae
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family [60]. Lachnospiraceae generally account for 50% abundance of gut
microbiome families ; however, in this study, they comprised [29%] of the Sud
microbiome composition [61]. While butyric acid production was found to be non-
significant between groups, the Lachnospiraceae family and several of its genera were
consistently reduced in Sud, with median abundances trending upwards in Sudlrel i.e.
after migration [Figures la-1h]. Diets high in meats and cholesterol have been
associated with reduced abundances in Lachnospiraceae [62], while diets high in
omega-3 polyunsaturated fatty acids and pectin are associated with abundance in this
genus [63]. A reduced Lachnospiraceae abundance in the Sudanese may predispose
to the development of Clostridium difficile infection, obesity, and type two diabetes
[26, 64].

Dorea [Figure 1g] was highest in Sudlrel [50%], followed by 32% in Sud and 16% in
Irel. This genus has been found to be low in those who develop food allergy as well
as Kawasaki disease, a form of vasculitis in children [65, 66]. Blautia [Figure 1e] and
several species [Figure 2a-2c] were also low in the Sudanese population. Blautia has
beneficial anti-inflammatory properties and is vital to metabolising undigested
carbohydrates. Increases in Blautia on the other hand, has been linked to diseases that
include the development of renal dysfunction, non-alcoholic fatty liver disease,
diabetes, and multiple sclerosis. The genus Marvinbryantia, however was significantly
lower in the Irel group, a trend unlike the remaining Lachnospiraceae genera [Figure
1h]. Interestingly, this may be related to the reduced alcohol consumption amongst the
Sudanese as Marvinbryantia abundance decreases with alcohol consumption [67]. A
reduced abundance of short-chain fatty acid-producing bacteria amongst the Sudanese
population may be a factor in allowing for an environment for Klebsiella to thrive, a
unique finding amongst the Sud group [68]. Klebsiella and Prevotella combinatory
abundance amongst Sud may predispose to hypertensive states [69]. The genera
Prevotella, Ruminococcus and Holdemanella, all abundant in the Sudanese were also

found to be high in Tibetans with coronary artery disease [70].

In this study, we found an increased abundance of Clostridium amongst Sudlrel, which
may be related to a higher fibre intake upon migration [71], however, this may also
predispose this study cohort to atopy states such as asthma and allergy [72].

Clostridium leptum was found to be increased in Sudlrel and depleted in Sud, a genus
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associated with the development of IBD. Several Eubacterium species detected in this
study show cholesterol-reducing properties and were found to be low in Sud [62]
[Figure 5]. Ruminiclostridium was commonly low in Sud and Sudlrel compared to
Irel [q =0.004], which may be associated with pro-inflammatory diets [73]. Low
abundance of Ruminiclostridium has been positively correlated with kidney stone
development, while it is also considered a part of a microbiome related to healthy sleep
patterns [74]. Minimum counts of Oscillibacter [g=0.001] was however evident in all
groups, a feature suggestive of healthy kidney function [75].

Participants from Irel [24%] and Sud [31%] had the lowest abundances of
Faecalibacterium compared to those in Sudirel [44%] [q = 1.2206e-4]. Low levels
of Faecalibacterium in the gut microbiome may also be associated with developing
IBD such as Crohn’s disease and ulcerative colitis. Our data suggest that
Faecalibacterium abundance increases after migrating to westernised environments
which may impose good protection against gut inflammation in those Sudanese living
in Ireland [Sudlrel] while those in the Irel and Sud cohort may continue to be
susceptible. The species, Faecalibacterium prausnitzii, is a strong butyrate producer

with anti-inflammatory properties.

Using correlation plotting, we further associated the Sudanese gut microbiome
composition to nutrient profiles. Of interest, is the significant association between
reduced Lachnospiraceae found in Sud and the endemically low iodine levels reported
in Sudan [76]. Normal thyroid function has been associated with abundances in
Lachnospiraceae [77]. Since iodine mean values were significantly lower in Sud [72.9
mcg], p< 0.001, it may be an important future consideration when evaluating causation

for endemic thyroid and targeting preventative programs [78].

Megamonas was found to be the most positively correlated nutrient-genus, reported to
be abundant in healthy individuals, where it harbours many fermentative capabilities
towards non-digestible carbohydrates [79]. Sorghum rich foods that consumed
regularly in Sudan contain phenolic compounds [80] that may relate to the positive
associations with many Sudanese associated gut microbial genera such as Prevotella,
Megamonas and Bifidobacterium [81]. In Sud, positive correlations with Vitamin D
and Collinsella were seen, a vitamin highlighted to increase the abundance of this
genus in studies [82], while zinc and Phascolarctobacterium have been associated
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together in the literature through animal studies [83]. Zinc bioabsorption may also be
improved with the abundance of Lactobacillus in Sud [84]. These findings, therefore,
relate to specific gut microbiome compositional properties in the Sudanese in the
maintenance of health and extraction of nutrients in the body.

Our study highlights that the Sudanese population have reduced fibre intake, which is
also highlighted by the abundance of genera composition that are likely to thrive in a
low-fibre setting. Some of these include Dialister [85], Bifidobacterium and
Streptococcus [85]. Holdemanella, was significantly abundant in both Sudanese
cohorts and is associated with the increased consumption of white rather than red meat
[86]. At the same time, Collinsella has been shown to be enriched in diets high in
triglycerides, cholesterol, red meat, processed foods and in those diets with low fibre
intake [26, 85, 87, 88]. Collinsella enrichment amongst the Sudanese may be related
to the progressive inflammation of rheumatoid arthritis, the development of non-
alcoholic fatty liver disease, obesity, and type two diabetes [89-91]. A high abundance
of Akkermansia amongst those migrating to Ireland [Sudlrel] could be related to the
higher caloric intake [85] in this cohort and may predispose to the development of type
two diabetes [92].

Dialister [from the family Veillonellaceae] was abundant in the Sudanese compared
to Irel [q = 1.347e-12] group. The species, Dialister invisus, however was found to be
depleted in Sud in particular. Although often metagenomically abundant, this species
has minimal transcription processes in the gut and is thought to originate from the oral
cavity [93]. It is, however associated with the development of IBD and type one
diabetes [94], while it is also implicated in Crohn’s disease patients [95]. Absence of
Dialister invisus in the Sud group, therefore, and the presence of it in the Sudlrel group
highlights that the migratory movements of people between African and European
continents can predispose to microbiome changes that may allow for the increased

susceptibility to certain diseases.

Another feature of Sud gut microbiome was the depleted counts of Odoribacter
[Bacteroidetes] compared to Sudlrel and Irel. Odoribacter is part of a healthy
microbiome and produce numerous short-chain fatty acids that play a role in exerting
gut homeostasis and immunomodulatory activity. We found an increase, however of

Odoribacter in the Sudlrel group, highlighting that those living in Ireland show
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increased gains in Odoribacter with migratory movement, which may highlight
protection in this population against Crohn’s disease and severe forms of ulcerative
colitis however, in other studies, abundance of Odoribacter is associated with reduced
blood pressure.

Alistipes was also depleted in Sud, including the species, Alistipes finegoldii and
Alistipes timonensis. A reduced protein intake in Sud, may be a factor in this due to
Alistipes having a rich presence of putrefaction pathways involved in protein
metabolism. However, Alistipes finegoldii has been implicated as a pro-inflammatory
genus; thus, the Sud cohort could have a more beneficial association with the depletion
of this genus, particularly the lessened risk of developing colorectal cancer, IBD and
kidney disease [75]. In other studies, a low presence of this species has been associated
with chronic fatigue syndrome, depression [96] and the progression of liver diseases
[cirrhosis and hepatic encephalopathy] [97], autoimmune disease and atrial fibrillation
[98].

Furthermore, the stability and balance of a healthy gut are affected by methane
producers such as Methanobrevibacter, which was found to be abundant in Sud.
African populations have shown increased methanogen abundance in relation to diets
with low animal food consumption and caloric intake [99], likely in response to more
efficient nutrient extraction, however, studies have shown both abundance [100] and
depletions of this genus in relation to obesity [101]. Depletion of this genus has also
been associated with IBD [102].

PICRUSt data was utilised to infer the functional contribution of the microbiota from
the three cohorts, and, incorporated with LEfSe plotting, proved subsequent variations
between the Sudanese and Irish cohorts [Figures 8a-8b]. The Sudanese had active
pathways for nicotinate and nicotinamide metabolism [K08281], a pathway associated
with abundances in the genus Faecalibacterium [103]. This pathway may be involved
in the degradation of neuroprotective molecules that protect against Parkinson’s
disease [104] and is also an active pathway in depression [103]. The activity of the
fluoride exporter, K06199, was discriminant for the Sudanese populations and may
highlight fluoride tolerance but also increased exposure to polluted environments
[105].
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In Irel, prominent activated pathways included genetic information processing and the
ABC transporters, sugar transport permease proteins that have been associated with
health [106]. On the other hand, multiple drug resistance ontologies [K09687 and
K09686] were prominent in Irel, a feature that could highlight increased antibiotic use
in westernised environments. PICRUSt data also indicated that pathways involved in

extra cytoplasmic stress responses [K03088] were discriminant of this cohort [107].

Variations between the Sud and Sudlrel groups included prominent KEGG pathways
related to sugar transport, carbohydrate metabolism and fatty acid degradation in
Sudlrel, highlighting that changes in the diet of those that migrate to Ireland may give
rise to more active orthology pathways associated with nourishment breakdown, while
in Sud, pathways that included, K03496 [genetic information processing associated
with cytoskeleton proteins] and K02025 [sugar transport system permease protein]

differed and are associated with healthy gut characteristics [108].

We analysed gut metabolites to better understand diet, microbiome, and host relations
with several distinct patterns appreciated within the metabolomic findings. Many
amino acids had greater log fold change in Sudlrel compared to the remaining two
groups. An important bidirectional link is present between amino acids and the gut
microbiome. Amino acid breakdown often relates to the promotion of a healthy gut
microbiome and is involved in many host functions including immunity. The
microbiome of Sud was abundant in microbiota such as Klebsiella and Prevotella that
are involved in amino acid utilisation compared to Irel and Sudlrel, thus giving rise to

a reduced amino acid portfolio in this cohort [109, 110].

Genera and species that promote branched-chain amino acids [isoleucine and leucine]
include, Akkermansia, Bifidobacterium and Prevotella copri, all higher in abundance
across the Sudanese groups but have been associated with obesity and type two
diabetes [111].

Tryptophan derivatives, Kynurenine and Kynurenic acid, were found to be high in Sud
and Sudlrel, while tryptamine was high in Sudlrel. Arginine was high in Sud, which
may relate to a protective effect against bacterial virulence proteins. Putrescine,
produced from the catabolism of arginine, was higher in Sud than Irel [g=0.02]. This
soybean protein toxin derivative may damage the intestinal wall [110] and is likely
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associated with the staple soybean diet of Sudan. Median levels of theanine were found
to be lowest in Irel and highest in the Sudanese, likely related to black tea consumption
habits of the latter cohort [112].

Sugar-alcohol [polyols] was high in both Sud and SudlIrel compared to Irel [log?2 ratio
3.6 and 2.7, respectively]. Sugar-alcohol includes sorbitol, mannitol and xylitol [113]
and may indicate increased consumption of processed foods after migration. However
they have been shown to have limited effect on raising blood glucose and insulin and
may have positive health effects, particularly in diabetic control [114]. N8-
acetylspermidine is a biomarker for ischaemic cardiomyocyte death and cardiac
dysfunction and was found to be high amongst the Sudanese groups compared to Irel.
This may indicate an increased susceptibility towards cardiovascular disease [115].
Trimethylamine—N-Oxide was also high in both Sudanese groups. Increases in
Trimethylamine—-N-Oxide levels are associated with the increased risk of
cardiovascular disease [116], development of atherosclerosis [117], kidney failure and
obesity [111].

Furthermore, metabolites of the kynurenine pathway involved in metabolic disease
were prominent in Sud [kynurenic acid] [111]. 4- coumaric acid, a phenolic acid found
abundantly in plants, was found to be high in Sud compared to Irel, a metabolite with
antioxidant properties [118]. The vinyl derivative, 4 vinylphenol, was high in Sud and
Sudlrel, which has been shown to have a significant inhibitory effect on gram-negative
food-borne bacteria [119].

Short-chain fatty acids are end products of microbial fermentation that are involved in
healthy mucosal integrity, glucose and lipid metabolism, and the regulation of
inflammation as well as immune responses. Overall, short-chain fatty acids were
considerably lower in the Irel group compared to Sud and Sudlrel. This may have a
protective effect on the Sudanese population against metabolic disorders. Butyric acid
is a histone deacetylase inhibitor related to the epigenetic regulation that protects
against tumour growth [110].
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Conclusion

Dietary variations between Africa and Europe are related to the sourcing of foods,
food content, preparation, storage, and food frequency. Such factors in turn, affect the
abundances and depletions in microbiome compositions, which can significantly
impact many aspects of health. The Sudanese living in Ireland [Sudlrel] were a unique
cohort bundled by the unique and continuous trend of ‘sandwiched’ positioning
between the other two groups reflected in their microbiome and metabolomic
expressions. Variations in the metabolome were most distant between Sud and Irel and
negligible between Sudlrel and Irel, indicating that bacterial function trails a similar
pattern in accordance with geographical habitat.

In Sudlrel, a gain of westernised microbiota such as Bacteroides and loss of African-
related heritage genera such as Lactobacillus and Bifidobacterium further indicates
how migrational resculpting of the microbiota composition occurs with varying
impacts on health. For example, the Sudlrel group may have an increased risk of
developing diseases, an affect that might only take place after loss of traditional
habitat. However, on the contrary, loss of abundance in some genera such as Klebsiella
[which was only found in Sud, and seemed to be lost in Sudlrel], may harbour a
protective affect against cardiovascular disease, which may only take place after

migration.

This study serves as the first platform for the fundamental understanding of the
microbiome changes and responsive facets that occur after population movements in
those from an African lineage. It serves to be a cornerstone for developing new
research into focused migrational-associated diseases and advancements of public
health interventions to non-communicable diseases that may be targeted with a
scientific microbial strategy. It may be that assessment of the microbiome in those
who migrate becomes a necessary step in evaluating disease risk and development as
well as future management and recording of progressive outcomes concerning diet and

microbiome composition.
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General Discussion

North Sudan is the third largest country in Africa and is of low to middle-income
status, with 47% of the population [~41 million] predominantly living in poverty. In
2011, the separation of south and north Sudan further led to the downfall of the
northern Sudanese economy, with the loss of 75% of oil resources and almost half of

the country’s budget revenue.

The country now faces many social and economic insecurities that, in recent years
have contributed incrementally to the incidence and intensity of poverty which are
measurements of the global multidimensional poverty index [MDPI] [1]. 14% of
adults and 22% of children in Sudan are now categorised as being in an MDPI setting
[2], measured by deprivations in health, education and living standards. Food
consumption in particular, accounts for 23% for the poverty factors in Sudan [2].
Furthermore, Sudan has a young population [median age = 19.6 years] and a total life
expectancy estimated at around 62-66 years, compared to a life expectancy of 82.1

years in Ireland.

The Sudabiome project aimed for the first time to venture onto new land through one
of the most modern research advancements [metagenomics] for the understanding of
a multi-ethnic society. Indeed, metagenomic science is becoming an indispensable
discipline, continuously informing us about the individual and broader interactions
that the microbiome has with health and disease. Another aim of the Sudabiome was
to generate robust datasets useful in studying the complexity, variability, and effects
of microbial communities in humans and the Sudanese environment. Optimisation of
this information was further enhanced by comparability at an international level, such
as with the Irish population. Ireland is a leading country in microbiome science,
helping to deepen profoundly the impact such research can offer to both populations.
The justification of this thesis was thus the integration of tradition and science with
urgency to apprehend how the microbiome relates to key areas in Sudan’s population,
culture, and diet, as well as evaluating Sudanese human health and disease-associated

portfolios.
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The project was first paralleled with the most suitable United Nations sustainable
development goals [SDGs]. It was found to contribute to goals 3 [good health and
well-being], 11 [sustainable cities and communities], 12 [responsible consumption and
production] and 17 [partnership for the goals] [Figure 1]. This was an essential
undertaking as orientating Sudabiome research aims with the SDGs and subsequently,
the produced results helped achieve a solid anchor for future research pathways in an

organised manner.

It was imperative to then achieve an updated global review [Chapter 1] on the oral
microbiome’s role in the development of or protection against oral squamous cell
carcinoma [OSCC], and how it may take part in contributing to the better diagnosis as
well as treatment of this disease [3]. It was appreciated that ever since Virchow in
1863 linked ‘bacteria, inflammation and cancer’ together, research has made advanced
contributions in the interrelatedness of these three areas. It was found that the oral
microbiome may both attenuate or help drive the chronic inflammation that often
precedes OSCC development and may also have a role in influencing host cell
responses to cancer. Fusobacteria, in our review were found to have the highest
number of active genes in OSCC sites and was also found to be significantly enriched
in the buccal microbiome of Toombak users through our research analysis. Whether
there is an unknown connection between the known aggression of buccal OSCC [4]
tumours and increased Fusobacteria in buccal mucosal sites, is an important
consideration. On the other hand, we detected genera, such as Leptotrichia amongst
Toombak users [high-risk of developing OSCC], in contrast to review findings that
they are associated with health.

We further illustrated how bacteria might become part of the tumour environment
either before or after tumour development and considering that view; we found a
differing microbial scenario in those that develop OSCC and are non-users of
Toombak [Lactobacillus, Collinsella and Flavobacterium] and those who do develop
OSCC in the context of Toombak use [Corynebacterium_1, Mogibacterium,
Enterococcus, Empedobacter Stenotrophomonas and Schlegelella]. We also found
similar results with Rothia species that were found to be abundant in premalignant

lesions from other studies as well as in our own samples [Chapter 4].
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Figure 1:

The Sudabiome in relation to SDGs and multi-target in depth categorisation

Further SDG 3 targets: p——
«Implement the WHO Framework Convention on Tobacco Control LU
«Improve early warning systems for global health risks

Further SDG 11 targets:
«Protect the world's cultural and natural heritage
«Strong national and regional development planning

Sudabiome

Further SDG 12 targets:
«Support developing countries scientific and technological capacity for

sustainable consumption and production 1 1 e
«Sustainable management and use of natural resources %

Further SDG 17 targets:

*Mobilise financial resources for developing countries

*Knowledge sharing and cooperation for access to science, technology and
innovation
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It is estimated that 6-10 million Toombak users exist in Sudan, predominantly males.
The use of the smokeless tobacco, Toombak, has been arduously linked to numerous
systemic conditions [Table 1], which include but are not limited to, the development
of hypertension, oral and pharyngeal cancer, and other forms of cancer, while orally,
its use is attributed to the development of Xerostomia [dry mouth] and periodontal
disease. Toombak is said to be responsible for up to 81% of oral cancers in Sudan,
while the country has the second highest incidence rate of the disease in the Middle
East [5-9]. Unfortunately, incidence of oral cancer in Sudan is only expected to double
by 2030 in Sudan [10]. The sites of placement of Toombak dip have also been strongly
correlated with oral tumour location [11], and thus we achieved a comprehensive
community profiling of the oral cavity microbiome of Toombak users at hotspot

locations throughout the inner linings of the mouth.

Table 1: Oral and systemic implications of Toombak use

Oral Halitosis [bad breath]
Tooth and gum abrasion
Dry mouth

Periodontal disease

Oral and other head and neck cancers

Systemic Gastrointestinal disturbances

Nutritional deficiencies

Nausea

Peptic ulcer development

Chronic inflammation

Diabetes

Cardiovascular

Chronic hypertension/ increased heart rate
Increased mortality after myocardial infarction
Reproductive concerns

Psychological effects

Cancer [pancreas, stomach, liver]

Alzheimer’s disease development
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Currently, the Toombak is produced haphazardly, with the final product exposed to
widespread contamination and long-term unregulated upkeep and storage [often under
heat]. Furthermore, the selling of Toombak, particularly to the young of age [under
18] needs to be addressed. The findings of the ultra-structural composition of
Toombak that included elevated levels of iron, a rich abundance of Corynebacterium
casei and Staphylococcus gallinarum, Aspergillus species, heterocaryoticus and
austwickii [12], and potently high levels of tobacco-specific nitrosamines [TSNAS]
[1270-4830 mg/kg], acetaldehyde [> 600 mg/kg], and formaldehyde [> 7mg/kg], all
helped to attend to one of the most problematic areas in the culture of Sudan, aiming

to achieve a driving force of change that may combat these findings in the future.

The genus, Corynebacterium_1 for example, was noted to comprise the majority of
Toombak microbiome composition and was found to be significantly enriched in the
oral cavity [buccal inner cheek, the floor of the mouth and saliva] of Toombak users
compared to non-users, while also playing a part in the Toombak-OSCC microbiome.
This highlights that further research in the field of whole genome sequencing may be
relevant to ascribing why Corynebacterium_1 may have such a triad of connection,
which has been highlighted from this project. In addition, Staphylococcus, common to
the Toombak microbiome and found to be enriched throughout the oral mucosa of
Toombak users, may further predispose this group to an increased prevalence of oral
and systemic infections as well as antimicrobial resistance which may not normally

occur in other cohorts of the Sudanese population.

By understanding the ultra-structural composition of Toombak [Chapters 2A and 2B],
structured initiatives in tobacco farming and production, industry, and research, can
be looked upon, to improve quality and safety of the final Toombak product sold to
consumers. Farming initiatives include disinfection of tobacco leaf, use of other
Nicotiana plant species other than Rustica, and finding alternatives to soil with a heavy
metal content. During the production of Toombak, improved sanitation and ventilation
during the fermentation process and use of refrigeration during storage are necessary
incorporations to reduce bacterial, fungal and TSNA content. Meanwhile, industry
initiatives include the introduction of wide-scale pasteurisation and irradiation

methods [13], while research initiatives include plant genetic and molecular
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approaches to lower TSNA precursors in tobacco plant as well as whole genome
sequencing that targets the understanding of bacterial species specifically contributing

to the toxic products in Toombak [14].

Furthermore, it appears that Toombak use significantly impinges on long-term cortisol
production in the body [Chapter 2C], allowing new contribution to the understanding
of how use of this smokeless tobacco alters systemic health. The findings of enhanced
addiction [>85% of Toombak users indicating high scores in psycho-dependency
FTND-ST questionnaire] and cortisol blunting [mean hair cortisol concentrations
found to be 9.7 pg/ml in Toombak users compared to 19.4 pg/ml in non-users], could
pave the path for future studies to address related surgical outcomes in Toombak users
and quality of life parameters of this cohort. Other clinical initiatives include the
development of oral microbiome biomarkers which can aid in the early detection of
cancerous lesions, and oral cancers that are more aggressive or have an increased
chance of metastasis and recurrence, in Toombak users. Socially, the translation of
current scientific findings in an understandable way for Sudanese Toombak users may
contribute to modifying social responses against Toombak use, while new public
health measures could be made active for the successful rehabilitation after quitting,

due to this research.

Chapter 3 aimed to merge the SDG aims of this project with the evaluation of
traditional fermented foods known to enrich the health of Sudanese communities. 16s
rRNA sequencing and ITS fungal sequencing were achieved on the largest subset of
indigenous fermented foods from Sudan to date, offering invaluable insight into how
the microorganisms in these foods contribute to affordable food manufacture, and are
a source of nutrient refinement, energy production and food preservation. We found
first-time sequenced foods such as ‘Kawal’ to be enriched in Bacillus, Lactobacillus,
Pediococcus, Citrobacter and Bifidobacterium as well as harbouring an abundant
source of fungal species. However, it was also noted that several pathogenic bacteria
and fungi reside in these foods, which may contribute to illness and deprivation of
health [Escherichia-Shigella found abundantly in the plant-based foods and
Wohlfahrtiimonas in animal-based foods], while also contributing to inferior food

quality and early undesired spoilage.
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This research has observed the modern Sudanese gut microbiome in two landscapes,
the traditional and migratory, highlighting metagenomic aspects that harbour complex
translations to health [Chapter 5]. Furthermore, comparing the Sudanese population in
a dual breakdown based on migration as well as to the Irish population was a novel
undertaking. Evaluating how migration to Ireland can sculpt the gut microbiota widens
the understanding of how geographical, dietary, cultural, social, and other factors
come into play in distinguishing the systemic health of a population. We found that
the microbiome of the Sudanese living in Ireland undergoes significant changes after
migration with both loss and gains in microbial abundance while also attempting to
maintain position in several ‘traditional’ microbiome characteristics. These microbial
edits offer vital insights into how susceptibilities and protections to human disease
play out in the Sudanese population and can help expand upon future research that

aims to survey, prevent, manage, or treat any condition in this cohort.

Furthermore, we modified a validated food frequency questionnaire [EPIC-Norfolk
FFQ] to suit the diets of the Sudanese population, through the addition of twenty-four
Sudanese- related foods, and concluded that nutrient intake could be monitored
effectively through this method amongst the Sudanese and Irish. Nutrient-genera
correlations provided insight into how the microbiome relates to nutrient outcomes
where the genus Megamonas was the most positively associated genus in Sud and
several nutrients including calcium, protein, and fat intakes. It is imperative, therefore,
to continue the journey on Sudanese food patterns that can further reflect on bioactive

metabolic pathways and host- microbe cross talk.

Expanding upon the findings from Sudanese gut metagenomics, we found a
microbiome composition that may predispose and protect against specific diseases.
Obesity in the Sudanese, could be associated with abundances of Collinsella [a genus
strongly associated with obesity], Lactobacillus [reported to harbour both anti [15]
and pro-obesity [16] effects] and Bifidobacterium [primarily linked to a protective
effect against the disease [17]]. In this study, the reduced relative abundance of genera
that produce short-chain fatty acids may however highlight a reduced predisposition
to obesity amongst the Sudanese [18].
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The reduced abundance of Lachnospiraceae in those living in Sudan in particular, may
be either positively [19] or negatively [20] associated with the development of type
two diabetes. Furthermore, reduced Lachnospiraceae amongst the Sudanese may be
linked with the development and progression of inflammatory bowel disease [21]
although, it may also offer a protective effect against liver diseases such as primary
sclerosing cholangitis and non-alcoholic fatty liver disease [22]. Collinsella
enrichment in Sudan, may further contribute to the development of non-alcoholic fatty
liver disease [22] through the formation of oxobile acids that increase intestinal
permeability, while at the same time the Alistipes depletion associated with Sudanese
guts may allow the progression of liver diseases such as cirrhosis and hepatic
encephalopathy [23] and chronic kidney damage [24]. The reduced abundance of
Ruminiclostridium in the Sudanese may further be associated with the occurrence of
nephrolithiasis [25].

Prevotella and Collinsella, both found to be abundant in the Sudanese population, are
also known to be abundant in those with type two diabetes [22], while Akkermansia
[abundant in the Sudanese living in Ireland], has been shown to be both enriched [26]
but also depleted [19] concerning the development of type two diabetes. In addition,
Prevotella abundance may protect against the development of Inflammatory bowel
disease [27] and colon cancer [28], while enrichment with Collinsella may infer the
opposite association [29]. Furthermore, the increased abundance of Collinsella,
evident in the Sudanese gut microbiome, is positively correlated with the development
of rheumatoid arthritis, likely due to human leukocyte antigen mimicry through
similarities with the DRB1*0401 allele. At the same time, Lactobacillus has been
shown to be reduced [30] and increased in those with this disease [31]. The Sudanese
may have increased protection from the development of multiple sclerosis due to the
abundance of Collinsella [32] [33] and reduced levels of Blautia and Dorea [20]
reported in this study. At the same time, Collinsella abundance has also been

associated with reduced mortality rates from Covid-19 [34].

We further found several microbial distinctions that may predispose the Sudanese
towards the development of Crohn’s disease and recurring states of ulcerative colitis,
which included the decreased abundance of the genera, Roseburia, Coprococcus,

Dorea, Blautia, Ruminococcus and Odoribacter in those living in Sudan [20, 35, 36].
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Prevotella abundance may further predispose to irritable bowel syndrome [37], while
on the contrary, Parasutterella, which was found to be low in those living in Sudan

has been shown to be abundant amongst those with irritable bowel syndrome [38].

Further genera increased in abundance in both Sudanese populations and also
associated with the development of rheumatoid arthritis included the abundance of the
phylum Actinobacteria and the genera Streptococcus, Prevotella and Alloprevotella
[30] [39]. Abundances of Dialister and Klebsiella, were also evident in the Sudanese

and have been strongly associated with the development of spondylarthritis [40].

Furthermore, several species were seen to become enriched after migration, a trend
that may have surprising conclusions on the health of the Sudanese. Our findings
would suggest that those living in Sudan for example, are the least at risk of developing
type two diabetes compared to those who live in Ireland [41]. Species that may
promote type two diabetes includes Butyribacter intestini, a butyric acid and vitamin
B6 producer, which was found to be absent in those living in Sudan but elevated in

both populations living in Ireland.

The Sudanese may also have protection against depression in part due to their gut
microbiome composition. The high abundance of Dialister found in this cohort may
offer protection against this disease [42]. High abundances of Klebsiella, Prevotella
and Streptococcus also seen in the Sudanese, are however associated with depressive
states [43] [44].

We endeavour to utilise these research data as a stepping platform for targeting new
areas such as the screening and diagnosis of non-communicable diseases, the
prevention and early detection of oral cancer and the improvement of child and senior
citizen quality of life. Other facets of this research include building relations between
institutions and developing vital capacity for establishing metagenomic infrastructure

in Sudan so that further research can be more independently obtained.

In Sudan, there has often been poor research implementation due to economic
instability and continuous shortage of research expenditure budget. However, it is
essential to propound that microbiome science and economic value go hand in hand,
where knowledge of the microbiome in a population and its environment can

substantially help improve economic statuses at a personal and national level.
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Furthermore, through this research we acknowledge a wide array of interplay between
diet, host physiology, endemic disease, and socioeconomic concerns that have never
been questioned before. Therefore, data from this research is influential to the
Sudanese population but will contribute to the evolving Irish microbiome space,
adding novel and interesting insights that can challenge and flourish current

knowledge.

Through the Sudabiome, a new commitment to research is employed for the
improvement of the health of a population. The Sudabiome harbours the future
intention that metagenomics in Sudan rapidly moves from an offside position to a
central component in the prevention, screening, diagnosis, and treatment of diseases
in the Sudanese population, while Table 2 highlights branching research topics of
interest from this project. Of importance for example, is the development of a
Sudanese microbiome biobank from Sudanese fermented foods as well as disease-
associated states from the mouth and gastrointestinal tract that may be of interest in
the early screening of diseases as well as management orientations. The studies
presented here aim to formalise a concrete future towards the prevention,
management, and treatment of chronic disease to find ways to promote life expectancy
for many of the impoverished population of Sudan. However, through this project,
Irish research can flourish through new understandings of the microbiome from varied

genetic backgrounds, dietary feedback, and new data correlations.
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Table 2: Future research projects that take precedence from current results chapters of Sudabiome project

Sudabiome area of research

Differing types of future pathways that can be undertaken

The  ultrastructural  metabolomic  and

characterisation of the Sudanese smokeless tobacco Toombak

metagenomic

The Mycobiome of Toombak
Sudanese smokeless tobacco [Toombak] users harbour

significantly altered long-term cortisol body production

1)

2)

3)

4)

Analysing differing stages of Toombak production to fully
understand the stages of microbial entry

Whole genome sequencing of Toombak for species and strain
analysis

Metatranscriptomics for the understanding of active DNA
replication within Toombak

Longitudinal studies analysing cortisol production from prior
and early Toombak use as well as after cessation recovery

levels of hormone

The fermented foods of Sudan through a metagenomic lens

1)

2)

Economic nutrition — Impact of fermented food consumption to
be further targeted in order to highlight their impact on the gut
microbiome. Longitudinal follow up of ‘first time’ consumers
of these foods can provide invaluable knowledge on the effects
of these foods on git microbiome alterations

‘Sudanese Golden Foods’ project and Sudanese nutrition online
database profiling — first time online database of biochemical

and phytochemical analysis of the unique foods of Sudan,
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3)

4)

5)

6)

including fermented foods for the accessibility of national and
international use in research, nutrition science and medicine
Sudan biobank — whole genome sequencing can offer a vast
opportunity to discover novel species and fungi that can
harbour many potential scientific opportunities

Modern fermentabilistics of Sudan — transforming current
tradition into modernised industrial production such as ‘Kawal’
into a palatable probiotic supplement or ‘Garis’ camel milk into
a pasteurised yet rich source of safe nourishment

Nutritional epidemiology at a large scale to pattern micro and
macro nutrient deficiency traits amongst various cohorts of
susceptible age groups and in differing locations, all the while
characterising gut microbiome with critical topics in Sudan
such as malnutrition and basic need requirements

Drinking water microbiome

Altered oral microbiome in Sudanese smokeless tobacco users carries
a newly emerging risk of squamous cell carcinoma development and

progression

1)

Pre-oral microbiome assessment prior to Toombak use with
longitudinal follow up on microbiome alterations after

Toombak use
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2)

Questioning susceptibility taxonomics for oral cancer,

progression, aggression, and recurrence

Traditional memory and reshaping of Sudanese gut metagenomics in
relation to dietary impact and migratory movements to westernised

countries

1)

2)

3)

4)

Inclusion of other African neighbouring countries as a first-
time initiative for the building of an African gut microbiome
databank.

Sudanese demographic population gut microbiome mapping
for disease control and prevention — a distinct pathway for
African human microbiome mapping and disease correlations
through biomarkers.

Microbiome biomarker distinctions in a wide range of urban
and rural [village, nomadic and tribal] settings in Sudan
Anti-microbial resistance — analysing genetic antibiotic
resistance profiles in commensal gut bacteria that may be key
drivers in the spread of antibiotic resistance genes
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Abstract: Oral squamous cell carcinoma (OSCC) is one of the Jeading presentations of head and neck
cancer (HNC). The first part of this review will descibe the highlights of the oral microbiome in health
and normal development while d ating how both the oral and gut microbiome can map OSCC
development, progression, treatment and the p tial side effects associated with its management.
We then scope the dynamics of the various microorganisms of the oral cavity, including bacteria,
mycoplasma, fungi, archaea and viruses, and describe the characteristic roles they may play in OSCC
development. We also highlight how the human immunodeficiency viruses (HIV) may impinge on

the host microbiome and increase the burden of oral p lignant lesions and OSCC in patients with
HIV. Fin.\ll\ wemnmuriu-aumnlixuishu into the microba treatment axis pertaining to OSCC,
and show how the microbiome is affected by radioth ch h -,.u\dalm

how these ﬂmplcs are affected by the state of the numvblome. pok-ntnlly dehen'nmmg the success
or failure of some of these treatments.

Keywords: oral microbiome; gut microbiome; oral
cancer; microbial

cell carci head and neck

1. Introduction

In the Global Cancer report 2018, head and neck cancer is thought to be the eighth most commonly
occurring cancer in the world [1], with oral squamous cell carcinoma being the most common
ion. According to The Int tional Classification of Diseases for Oncology, World Health
anmﬂhnn oral cavity cancer includes the locations of the inner lip (Q003-C00.9), the tongue,
excluding lingual tonsil (C02), the gum (C03), the floor of the mouth (CO4), the palate (C05), and other
or unspecified parts of the mouth (CD6) [2).
Allhough,in;mtep.usofthcumid,ﬂzmisndecmasingtmrdofmlsqummﬂcm
(substituted, in part, by the inc ing trend of h papilloma virus-associated oropharyngeal
cancer) |3], incidence of the disease is very much still relevant all over the world. In Africa, oral
squamcdl carcinoma statistics are highly underreported, but, in a review by Faggons et al,, 2015,
ducts Ti bak and Kola nut, used in Sudan and Western African countries,
uspectwclv wr:tlhccausenfthe greatest number of head and neck cancer cases on the continent [4].
Meanwhile, South East and Central Asia accounts for almost half of oral squamous cell cardnoma
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sudanese smokeless tobacco *Toombak”
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ARTICLE INFDO ABSTRACT

Marddkay e Arandn Teeki Tessenbuk b i srckel sl frsen Wb Arific lobeoos plant fom Sedin. Pee-prepanad aad
mldrmburtmmlulun‘inmjnl]pﬂdwmmlq (hisrry metaki], '.uud.hq-.ﬂrhu-
Egrwords: pliy (etabolermdes]), 165 A i s ieroliome) imd Phylog 1
Tk of Ci i by B sen of Lok ‘hln(ﬂﬂ“l.mqmmmrwlmmm
imebrles ol dipersiee Moy spociroseopy (SEM-EIN) and pH analysis.
= Chromiues, cobalt, and sopper were Bigh in the pre-propased Sorm of Toombe while iron, lilsasoa specfic
T iieesbioems nitrosamize (TSHA], formaldebyde and soctald chyde wee high = bob lype. Fimsoe and Actisbscieia
[ — dominalid Toombek. Sanple of naady 1o buy Toombel dowed Bler-viriibonsl dfferenoes depenading on ples
Heawy rmeial of purchige. We Sund Vigpiboodlis wene increaeed in the pre-prepaned fonn wiile Coryndbeacierim cosel, Af-
Sranzing slerrsn micTsoEy pocad b, Algpoitign suchecnls, Oonmebacifin cemsani and Shipldocoiocm palinare wise B o
Tampzeion albvisndisl i B ke fiady 18 buy Seas. PICRUS analyss highlighted incniveed activity of siital 1sisspen
a]nnl:u-n.-lh rudrbl:uru-:pln.n-nd.l ik an anlibials apest syslenm. SEM-EDN highlighted licge: son-
sckes with 4 soddiem, while pH of samplis was i the alkaline mange.
The fisl eomnpeaivion of Teasmibilk i affesad by 5 mertod of proparution s e £nd prodect his the po-
Disatial s bt ey mesgative consquences on the beallh of il ssers. TSHA kevibi cbservod in Toomhak wene
sasmve of thir highist in the workd while the micro-ervinnmest of Toombel supports & distind micnebiots profile.
1. Ineroduerion Toombak uee, while it has been estimared that Toombak peevalence of

use amongst adolescents, young adults and those above &0 years of age
Es; 34 %6, 32 % and 47 % respectively [2].
Toombak is produced trom the Solsmoceae species, Moo o,

Smokeless wharco refers o the use of unbunm or pyralyss free o
bacco, differing amund the world in obacco plam source, nicodne

conient and additves. Products are ofien applied orally (chewsd,
sucked, or placed passively ta the gingivae] and Include foms such &
chewing tobaces, mols forms, dry soulf, and s, while fine powdered
Types are adminitered nasally. I ks thonght thar more than 300 milllon
people use a form of smokeless tobacce worldwide, In over 70 coumiries
thar include Southesss Asia, many regions of Africa, the Middle East,
Europe {Scandinavian countrss), the Ameriess and Russia [1]. In Sodan,
there are an estimaced 4- 10 million weers of Toombal & molst smokelees
tobacon used primarnily by males kdris et al. (1998] concluded that 60 %
of Sndanese houscholds contain at least one famdly member with

a plant with characteristic yellow flowers, that confaing op oo nine Hmes
moee nheotine compared 1o Niconiana rabecsm, that s mare widely il
lized im the production of whaces products worldwide [3]. Micomana
rugica bs also used to make smokeless tobaceo products bn Tarkey {faras
powder) [4], South America (Rape) [5], ¥iemam [Thudc Lan] and Russla
[Makhorka). Plantation begins amund Movember in western Sudam,
leaves are cultivated from Febmary o Maech, and alr caning oceurs
during April and May. During this later stage, temperatares can reach
45 060 €. Leaves change from yellow to brown in & process of natural
or’ " o 1 thion and the Toombak is then further prepared
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Researchers from Ireland
and Sudan have
partnered up to shed
light on the health
implications of one of the
world's most perilous
types of smokeless
tobacco.

nicotine content, and numerous additives
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Toombak smokeless tobacco
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long—term cortisol body production
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* APC Microbigne Irefomd, Schoal of Microbiolgy, Collepe Cark, Cark TI2 ¥NG0, Burepe

" Tinpese Food Ressorch Cintre, Mosrepark, Fermoy, Cork P61 C008, I

* Dipartsy of Oeal ond Maeilofocial Surgery and el Melicne, Faculey of Desrisry, Narioo! Bibar Usversivy, Mile Streee, Korious 1171, Sudan
A Dggarnment of Paedisrics and Ol Health, Dsiversity Collepe Cork, Cark T12 K4, Esoge

ABSTRACT

The Sudanese, in particular its male population, are known to utilise & smokeless tobacco product (Toombak) which is placed in the aral cavity and can be replaced
several times a day. Toombak bas been shown to harm human health and is highly addictive. The effect on bady cortisal response over a refrospective period in users
af this prodsct has ot been previowsly sxplored. I addition, psycho-dependency scores of Toombak users bave not been analyssd.

In this study, 37 male subjerts, age 18-45 years were recruited, of which 18 were pon-users of Toocmbak and 19 were Toombak users. One hair sample was
enllected from each user and non-user of Toombak. Each hair sample (n=37) was placed in a pre-prepared long plece of foll with two labels on elther side marked:
“scalpside” and “distant-side”. Cortisel was extracted by mincieg 10 mg of ‘scalp-side” hair, not exceeding 3 om, with methanod addition, incubation, and sonlcation.
Contisal was measured using the enzyme-linked immuncsorbent assay kit (Enzo Life Sciences, UK). The amount of hair cortisod in the samples was determined wsing
spectrophotometry at wavelength 405 nm measured in pg/ml and visualised with a four parametric logistic ourve. Toombak users were further asked to complete the
Fagerstrom Test for Nicotine Dependence-Smokeless Tobacco questiosnaire (FIND-5T) comprising of six questions. Scores of = 5 indicated a significant dependence,
while a score of = 4 marked low o moderate dependence.

The mean concentration of kadr cortise] in Toeombak wers (9.7 pg/ml) was significantly lower (p=0.023) compared 1o non-users (19.4 pg/ml), with total con-
centrations ranging from 2.1 io 55.6 pg/ml FIND-5T scares ranged from 4 to %, with kdgh levels of psycho-dependency (scare = 5) and nicotine tolerance found in
85 % of Toombak users. Cortisel body release in Sudanese smokeless iohacco wsers was found io be significantly aliersd. While low contisal levels do lead 1o
anciolytic effects, in the long-term, this can allow for incremsed ssscepeibility 1o low contisol-associated diseases.

1. Introduction

Cortisol is a glucocorticeid hormone that & ssreted from the adrenal
cortex. It is vital in and in iating & ity and
reducing inflammation [1]. Cortisnl release ocewurs in a circadian pattern
amd is regulated by the hypothalamus piluitary adrenal axis,
Corticotropin-releasing hormone is released from the paraventricukar
nuckes of the hypothalamus after which adrenocorticotropic hormone
i% secreted from the pitnitary gland. This mechanicm allows the secre-

ans s ssoatesl ws sasss skossck & sscsales Ersdcad oss sollsassies

in the fedd of psychoneureendocrinalogy [3].

Hair cortisol analysis is a non-invasive method of adrenal gland
function in the body [4]. It reflects well, the hypothalames pituitary
adrenal axis 5] and average blood cortisol levels over a broad retro-
spective period [6]. Utilzing hair for cortisol hormone analysis also
offers the advantage of the measurements being unafected by the pul-
satile release of cortisel and the psychological and physical mediators on
cartisol release such as exercise, irauma, and nicotine wage [7 8],

In healthy individuale, hair cortisel levels have besn found to range

Mesmeinss BT 2ol WED M cadmis AT W LA sl P10 2ad n £ €0
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Sudanese Fermented Foods

Amel Sami'?, Imad Elimairi®, Paul Ross', Marmar Elsiddig®, Yasmeen
Elyass®, Heyam Salih®, and Catherine Stanton'?"

]AF(Z' Microbiome Ireland, School of Microbiology, University College Cork, Cork, T12 YN6O, Ireland
Zléaga.\‘(.' Food Research Centre, Moorepark, Fermoy, Cork, P61 C996, Ireland

A Department of Oral and Maxillofacial Surgery and Oral Medicine, Faculty of Dentistry, National
Ribat University, Khartoum, 1111, Sudan

4 University of Khartoum, Sudan

*Corresponding author: catherine.stanton @ teagasc.ie

Abstract

Fermented foods of Sudan are a great source of affordable daily nutrition for many families
and age groups all over the country. These foods include a diverse categorisation of starting
ingredients and incur traditional methodologies of production which have been preserved for
centuries. We used next generation sequencing (16S rRNA and 185 rRNA) to analyse 44
Sudanese Fermented foods in five major categories food types; sorghum, plant, meat, fish and

dairy. Samples were collected in Khartoum, Sudan and analysed in Cork, Ireland. We found
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First oral mmruhinme characterisation amongst the Sudanese population
and how use of the smokeless tobacco; Toombak can influence the
comrade of oral microorganism life

Arreel Sami, Imad Blimairi, R. Paul Ross. C Anthomy Ryan, and Catherine Stanton
APC microbiome institute lredand, Universiy College Gork, Teagase research cendre, Moorspark, Fermoy, Coo Cork and
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Backgrouwnd

In this shudy we elucidate how oral mucosal inferfaces and biofilm
of hard toofh surfaces [plague) are affected by the smokeless
tobaccs; Toombak use amongst the Sudanese population.
Materials and methods

We achiewed 165 rRna metagenomic seguencing of T3 poobed
saliva, 71 plague and 272 mucosal swabs using Puntan Diagnostic
Swabs (Figure 1) from four locations n 78 participants (47
Toombak and 31 non-users) aged between 20-70 years. Two oral
keratinised (dorsum tongue, palate) and two non- keratinised
lozations (floor of the mouth, buccal mucosa) were chosen.

Figure 1
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Figure 2 Figure 3b Figure 4
Results and discussion

Streptobacibes, Shutleworthia and Bubacterium yuri were unique to non-user saliva while Conynebacterium_1,
Alysiglla and others were found in Toombak placers. There wene increased abundances of Fusobactena (Figure 2),
Faitescibadens and Spiocheeliz, in saliva of Toombak users with higher counts of Rothia and Strepfococows.
Frevolefia were promoted in non-users and Sisphylococcus and Conynebactenum_1 (Fgure 3a) in Toombak wsers. In
plagque. Comamonas, Brookizwmia (Fgure 3b) and Peplosirepfococcues distinguished those that dip Toombak with non-
users hawing a more robust plague biofilm profection. Palatal-user and tongue microbiome wers lowest in alpha
diversity while B diversity was significant only in relation to mucosal habitat (Figure 4) rather than Toombak use.
Keratinised and non- kematinised mucosal locations followsed a similar species abundance with Prevofells, Veilonslz
and Lachnoanserobacuium more abundant in the former while Gemella and Haemophiils were more profound inthe
lattes

Conclusion

The oral habitats shift considerably after Toombak use allowing for bacteria that are not normal residents of the oral
cavity such as Sfaphylococous. Furthermore, those associated with nomal oral health are reduced amongst users that
nciude Prevolela.
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First time use of the European Perspective Investigation into Cancer (EP-
IC) - Norfolk food frequency questionnaire on the Sudanese population,
retrieving key nutrient intake and dietary consumption patterns
Amel Sami, Imad Elimair, . Paul Ross, C Anthony Ryan, and Catherine Stanton

APC microbiome institute Irefand, University College Cork, Teagasc research cenire, Moorepark,
Femaoy, Co. Cork and Nafional Ribat University, Kharfoum Sudan

Baokgrownd: Limbsd studles exist anaiyzing Sudansse populadon nutriens
nzkes. E ks reporied that about 15.5% of Sudanese adulls are obese while
™% of Sudanes: women aged 1549 ae anaemic’. Abdala =t al 2013
concuded that Sudansse nual housshokds ofisn consumes pulses and ey
onsume meat, chicken, and eggs with iow Imiakes of frut and vegetables:
Food frequency quesSonmaires (FFEs) are utised bo collect dietary daba from a
omiewt specific food =2 estimating vsusl dets amd comsumplon patsms
Froughout B food groups. Furhemaone, FRQs also help o analyse speciic
muirient Intakes. In each popuiation. The ERIC- Nofok FRQ was devsioped In
1588 and = a valdaied qualiative and quantiafive guestonnaire for the Unlisd
¥ingdom population”. This shudy sened io utlise for T 1rst Ame, the BPIC —
Morfolk guestonnaine as a usetul, approachabie, and updated method of food
reconding amongst e Sudanese populaiion. Key nubifonal wariatons wens
sought betwesn Sudansse [ving In Sudan (Sud), Sudaness wio migrate
abroad o irsiand (Sudirel) as wel a3 Iish controés (ref).

Maberizic amd msthodc: This study set oot bo schisyes bwo main goasls.

Firct goal ‘Esoond goal
The cubdsysr walldation of ths The aompancon of msan
EPIC- NORFOLK guectionnaire mutrient Intakec between the
on thes Fudansce population Irich, $wdsne=cs Iving In Irsiand
mm-umm-m and fudanace population

Fardcipants were asked on 230 bassiine foods and a further 23 new foods
were added o the cument EPEC-MNorkde SRR speciic o Sudanese dists (gure
1]. Thes= resuls wens compansd with the: oniine Aufiomaied Sef~Adminishered
Recal System (ASA24) on 32 subjects (figunes 20 A further 141 FFOs were
assessed for mean nuirent ktsks momparng thres groups (Fsh, Sodansse
Ing N imiand and Sudansse) weing the FETA ol version &
[CAMBIFRE/MZDS)  (hbpsFews epic-nofolk org '), Macronutrients  and
Micronutrients wers omparsd for averags mean walues, = quared srength
o association and Independent samples Mann Wiiliney U test for significance
& wed 2= nomrsignficano: o assess valdEy) betesen sysiems for nuirient
recordng.
]

ol M
R
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S ELTRE
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Figars 1: D0 -Sorkclk Qe ESorrars Fg - ARl 4 el mymsm

Recults: Tre EPIC Morfolk guestonnaine was atourate In delermining 17
nuirienis (carbohydrates., Sore, fois and sslurated fats, cholesiznl, magnesiam,
‘sodbarm, niacin, Yimin A, EZ, 81, BE, C, O and E, zinc, and copper). Awerage
Infake values were Sl Wi the AEA-24 for ese nuinents alowing for
repoduckdily and sublsyer relisbiEy amongst the Sudsness subjecs 0
nurients warked in reporting befwesn the o sysiems (proben, caldum, iron,
folate, potassium, seienium, Viamin B1Z and K and mono and polyunsaturated
Taty ackisiOigure ). Mean meengy Mol distributions Were lower amongst the
EFIC Norfolk FFQ compared 1o the ASAZS recall
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Figues 3 Sublnper v idedan of the ERI0-Hatfak
‘When comparing three dists; Sudan, Sudaness [hing In inetand and Insiand, the
Sudanese population wens consistendy ower In mean average inbkes et
medium o high strenge of associaton =0.05] (Ngure 41, While viamins A, C, D
and BZ, caidum, choiestencl and ron were shi significanty iower In Sud, e =ta
squarsd highlighi=dl a relabhely ower sirength of associstion with less wanaton
bebwesn groups comparsd o offer nulrisnts. Vilamin BS o pantothenic ackd
average on e ofer fand was highest amongst Be Sud growp (1.97mg)
oompared o 027 amd 0.53 mg I ire] and Sudne especiveli
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Figure &

s

Dicouceion and Comnglucion: The FETA and BF1C-Norolk guestionnane 1z a
vl idabedl ool St can be ullised with eaze on e Sudaness populadon. Mean
nuirient intakes were pererlly lower bul consisient throughout those Iving In
Sudan, while average nuirient iniake betwesn Ined and Sudieel wers similar
throughoat.  This would Indicabe Tt population wariation and  dietary
consumption patems may conclr s efect \itamin B5 may be higher
amongst the Sudanese popuiation due 1o the consumption of sorghur related
products which are high in this viiamin, Dus o economic skmains, the Sudansse
Ikving I Sudan may have neductions In detary averages particuiay In higher
financially valued products (animal probein) which may explain Fe educed
Intake In profsn macro growp.  Understandng of nurient qualtiss a3
population |z k=y for furher eyvaluaton of micobiome — d=t oomeiatons and
microbiome shudies on the Sudaness.
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Appendix 7 [Oral presentation]

Title: Gut microbiome traditional memory and new re-shaping portfolio in relation to

migratory movements of the Sudanese population to westernised environments
Authors: Amel Sami, Imad Elimairi, Catherine Stanton, R Paul Ross and CA Ryan

Multiomics data integration, health and society

Background: Migratory movement of Africans to westernised countries can re-shape
and impact on traditional gut microbiome memory. This study highlights preservations

and merging in gut microbiome between the Sudanese and the Irish populations.

Material and Methods. 141 faecal samples were collected and frozen from three major

cohorts aged 6-70 yrs. These were 25 Irish/ Caucasian participants living in Ireland
[Irel], 49 Sudanese participants migrated to Ireland [Sudlrel] and 67 participants living
in Sudan, Africa [Sud]. DNA extraction and 16SrRNA sequencing was achieved.
Microbiome Analyst was used for statistical analysis utilising Metagenomeseq, one-

way Anova FDR adjusted p values, Lefse and alpha and beta diversity.

Results and Discussion: Sud and Irel groups gut microbiome differed significantly in

B diversity [p value < 0.001] and SudlIrel predominantly exhibited a ‘middle lane’ or
or sandwiched status between Sud and Irel. Faecalibacterium prausnitzii,
Eubacterium rectale and Bifidobacterium adolescentis were prevalent species.
Bacteroides were highest in relative abundance in Irel and lowest in Sud
while Lactobacillus and Methanobrevibacter were enriched in Sud and absent in Irel.

Sud lacked enrichment in Lachnospira and the species Eubacterium eligens, Dialister
invisus and Alistipes finegoldii. Sud and Sudlrel exhibited microbiome memory
for Prevotella_9, Alloprevotella, Marvinbryantia and Holdemanella, found to be
relatively abundant only in Sud and Sudirel. Megasphaera, Olsenella,
Klebsiella and Catenibacterium were absent from the Irel
cohort. Bifidobacterium and Dorea were highest in Sudlrel while Weissella were only
high in Sud.
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Conclusion: Distinctions and preservations in gut microbiome are evident in African
and European populations while those populations who migrate show 'middle lane'

microbiome composition integrated by memory and reshaping.
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Appendix 8
Abstract Title:

The oral manifestations of the Sudanese smokeless tobacco Toombak and its effects

on long term cortisol body production

Background:

Toombak is produced from the Nicotiana Rustica tobacco plant and is primarily
utilised by males from a young age in Sudan. This study served to analyse 1] oral
manifestations of Toombak outlined in the literature as well as from a retrospective
cohort review of Sudanese patients [346] and 2] chronic Toombak effects on cortisol

production in a subset of users [19] in comparison to controls or non-users [18].
Material and Methods:

Scalp hair samples were collected safely in Sudan and the Fagerstrom Test for
Nicotine Dependence Smokeless Tobacco [FTND-ST] questionnaire was utilised on
Toombak users to outline dependency through a six-question scale, where a score of
five indicated marked dependence. Cortisol was further extracted from the scalp hair
using a methanol related protocol and measured by the Elisa kit Enzo life sciences as
per manufacturer’s instructions explored with spectrophotometry at wavelength

405nm.
Results:

Limited papers exist in relation to Toombak oral manifestations. With a further
inclusion of 346 patients [aged 17-65] from our centre [National Ribat University,
Sudan], the most common oral manifestations from Toombak use included keratosis,
localised periodontal disease, generalised periodontal disease, gingival ulceration,
leukoplakia [homogenous], leukoplakia [speckled], and oral squamous cell carcinoma.
Mean concentration of cortisol in hair samples for non Toombak users was 19.4 pg/ml
while in users it was 9.7 pg/ml [P = 0.023]. FTND-ST scores ranged from 4-9 where
84% of Toombak users were severely dependant on the product.
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Conclusion:

Toombak causes important oral changes as well as marked physical dependence that
interestingly may have adverse long-term effects on adrenal gland and cortisol
production. Reduced levels of long- term cortisol production was found amongst users
compared to controls, indicating that chronic and high nicotine and nitrosamines
exposure affects normal cortisol axis regulation, may damage adrenal glands and place

Toombak users at risk of cortisol insufficiency.
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The methodologies and microbiome of
Sudanese fermented foods
(Amel Sami)

Presentation number: FPS
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Universiy Caloge Cork, beland

Introduction and aim: Sudanese fermented foods are a great source of affordable
daily nutrition for many families and age groups all over the country. They include a
diverse categorisation of starting ingredients and traditional methodologies of
production that have been preserved for centuries. They are influenced by the rich and
diverse ethnic backgrounds of the Sudanese people, different seasons throughout the
year including drought, economic stability of the varying regions, migration patterns
and inner displacement. Examples include crop-based fermentation products,
sorghum, and millet. Sorghum products include, pancakes [Kisra], porridges [Aseeda],
juices [Abreh], and alcoholic beverages [Mareesa]. Millet products include Damirga
porridge and fermentation water. Plant-based fermented foods include, Cassia
Obtusifolia [Kawal], sesame [Sigda], hibiscus [Furundu], watermelon, cucumis sativa,
dates [date wines], boaob, aradeib, pumpkin, onions and mushroom based foods.
Meat-based fermentation products [beef, sheep, goat, gazelle] include those from the
small intestine [Musran], fat sheath [Miriss] and fresh bones [whole, pasted, sun dried
smaller pieces or bone balls] — [Dodery]. Fish-based fermentation products include
sun dried [Kajeik], pasted fish [Mendeshi] and moist fish [Faseekh].

Methodology: To understand the methodologies of fermented foods and drinks of
Sudan we collected 46 samples of fermented foods from various urban and rural
locations including shop- bought and homemade preparations. 16s RNA and ITS
sequencing of Sudanese fermented foods was achieved.

Results and discussion: Many Lactobacillus species were found in these foods that
included, Lactobacillus species; L. lactis, L. fermentum, L. pontis. L. ingluviei, L.

brevis. L. hamster, L amylolyticus, L. kefiri and L. nagelii. Others were Pediococcus
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acidilactici, Bacillus subtilis and coagulans Acetobacter pasteurianus and tropicalis.
In animal-based products, Bacteroides and Lysinibacillus were increased in relative
abundance while in fish-based products Cetobacterium and Sporosarcina were
increased. Conclusion: Sudanese fermented foods are a rich source for nutrients and
have a unique microbiome, depending on source and methodologies. Many of these
foods are also a rich source of natural probiotic genera [Lactobacillus, Acetobacter,
Bacteroides]. While the natural integrity of methodologies must be preserved, there is
currently a profound risk of contamination from exterior sources such as the presence
of Ignatzschineria and Oblitimonas as well as other pathogenic genera within these
foods. North Sudan must therefore look for new and non-contaminated preparatory

methods for the stabilisation of these rich foods.
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Appendix 10 [Oral presentation]

Abstract Title - EU investment in Science Research in Sudan and Microbe role in

Africa

In 2002, the UNDP reported that Sudan is one of the least developed countries in the
world, with the ministry of finance and economic planning estimating that 65% of the
population live below the poverty line. Sudan’s multidimensional poverty index is also
very high with around 1 million people living in and with poor health, education and

living standards.

Microbiome science has been introduced in Sudan with the dual Irish- Sudanese
partnership through Esther Alliance. This Alliance works to achieve global health
partnerships in order to tackle major diseases and improve healthcare in less developed
countries by building expertise and sharing experience. This quickly turned into a
dedicated and trusted relationship in the sharing of knowledge, personnel, and
investment into coherently aligned goals. Both partners have advocated the
importance of microbiome science as a fundamental necessity for a country such as

Sudan looking to improve its living outcomes for its population.

Sudan is a landscape for change and absorption with bright resilient researchers,
openness and transparency and a willingness for international learning. Ireland on the
other hand is a landscape for outreach with a pioneering team in global microbiome

research and a passion for merged science.

In Sudan, the team has currently worked to achieve effective microbiome sampling,
transport, and storage of research material. It has helped Sudan be introduced to next
generation sequencing technologies of short hypervariable regions of microbial 16S

rRNA and has allowed for the generation of new data sets.

Examples of future projects include the Maternal Irish study molding for the
understanding of currently lagging critical aspects of Sudanese maternal and neonatal

health and the Malaria — Microbiome relation to drug resistance
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Appendix 11

Buccal microbiome; a pilot study on the Sudanese population and the effects of

smokeless tobacco use; Toombak, on micro-organisms of the buccal cavity.
Introduction:

Smokeless tobacco Toombak is widely used particularly amongst males in the Sudan,
Africa. The microbiome changes to the oral mucosa in relation to Toombak use has
not been previously explored. Toombak is currently the most evident cause of
premalignant conditions and oral cancer development in Sudan, where the buccal

mucosa is one of the most aggressive cancer locations.
Material and Methods.

Participants were chosen from the oral and maxillofacial department, National Ribat
University Khartoum Sudan, attending for dental clinic. Those with active or severe
periodontal disease, active or rampant caries and periapical infection; were excluded
from the study. 71 participants were included of which 26 non-users and 45 Toombak
users were achieved. Swab analysis was carried out by rolling for 30 seconds in the
right buccal mucosa in the absence of food, drink or exterior substances and were
immediately frozen for DNA extraction and Illumina Miseq sequencing pipeline as

per Qiagen and Illumina protocol guidelines respectively.
Results:

274 features [Operational Taxonomic Units or OTUS] were compared in the buccal
mucosa of users of the Sudanese smokeless tobacco; Toombak and controls [non-
users]. While phyla were generally similar in abundance; both Actinobacteria and
Fusobacteria were increased in buccal mucosa of Toombak users. Using DeSeq2,
Moraxellaceae [g=0.037], Leptotrichiaceae [g=0.019] and Staphylococcaceae
[g=0.037] were the most significantly increased families in the buccal mucosa
amongst Toombak users while Enterobacteriaceae [q=0.037] were increased amongst
non-users. Indeed, the genera; Leptotrichia [q=0.029] were the most abundant
amongst the buccal mucosa of Toombak users as well as Staphylococcus [g=0.047]
and Cutibacterium [g= 0.047]. In the non-user group, Escherichia-Shigella [g= 0.033]
and Prevotella_6 [g=0.047] were found to be increased. Utilising pattern search: other

genera in the buccal mucosa highly correlating with Toombak users included
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Corynebacterium_1, Lautropia, Abiotrophia, Selenomonas_3 and Peptococcus as
well as uncultured bacterium. Incorporating BLASTn NCBI analysis the most
increased identifiable species amongst buccal mucosa of non-users was Shigella
sonnei [FDR =0.0075, 99.14% per ident], while Leptotrichia wadei [q = 0.01, 98.42%
per ident], Actinomyces massiliensis [q =0.024, 99.35% per ident] and Staphylococcus
caprae [q = 0.05, 100% per ident] were the significantly increased in the buccal
mucosa of Toombak users. Core microbiome consisted of 126 OTUs shared between
the buccal mucosa of users and non —users, however, 12 unique OTUs existed in the
buccal mucosa of non — users while there were 11 OTUs unique to Toombak users.
LEfSe highlighted, Staphylococcus, Corynebacterium_1 and Cutibacterium as the
most discriminant genera of the buccal microbiome amongst Toombak users while
Scardovia and Prevotella_6 were discriminant of the buccal mucosa of non — users.
Further OTU — species - LEfSe interconnection highlighted 6 discriminant OTUS on
the buccal mucosa of the Toombak group of which Gemella morbillorum [98.28% per
ident], Prevotella nigrescens [99.35% per ident], and Lachnoanaerobaculum
gingivalis [99.32% per ident] could be identified with BLASTn while species
distinguishing buccal mucosa of non — users included Rothia mucilaginosa [98.88%
per ident], Veillonella atypica [98.28% per ident], Streptococcus sobrinus [99.35%
per ident.], Prevotella salivae [99.35% per ident], Prevotella pallens [99.35% per
ident] and Bifidobacterium dentium [99.33% per ident].

Conclusion:

While there are similarities in the core microbiome of the buccal mucosa between
controls and Toombak users, Toombak users carry several key features modifying
their buccal microbiome into a more disease-associated composition Increased
Fusobacteria have been associated with oral cancer development states as well as
gastrointestinal  [colorectal cancer], while increased Staphylococcus and
Cutibacterium, may be associated with skin microflora, introduced during Toombak
placement. Corynebacterium_1 in another study by our centre was the most abundant
genus in Toombak samples, the effects of which still need further analysis. Increases
in Lautropia may be associated with locational immune deregulation. The increased
abundance of Abiotrophia may harbour an increased risk of infective endocarditis

development.
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Appendix 12

Abstract Title: The National Ribat University Khartoum Sudan — APC Microbiome

Institute Cork, Ireland partnership

The main objective of this partnership focuses on building relations and capacity
building for moving forward in the establishment of Microbiome science in Sudan
with a logical outcome model for the best fit between partners [Figure 2]. It also aims
to allow the implementation of improved targets to health and the merging and co-
adapting of undiscovered traits and trends in health and disease from the Sudanese
population lining this with Irish Science. The microbiome partnership between Ireland
and Sudan is on the first Esther partnerships to involve institutional and personnel
capacity development directly in a specific research field, reflecting the vital urgency
to target Sudanese research improvement. Research in Sudan aims to be functional
and diverse. Future plans include bilateral visits exchanges, departmental outsourcing,
building primary microbiome infrastructure in Sudan, strengthening of research ties in

a multidisciplinary format and achieving further funding targets.

Figure 2:
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Appendix 13
Toombak... the new king of smokeless tobacco

Objective: Toombak is a smokeless tobacco of Sudan that is made from the finely
ground leaves of the Nicotiana Rustica, a tobacco species with a particularly high
content of nicotine, tobacco specific nitrosamines and minor alkaloids. Tobacco is
mixed with sodium bicarbonate [about 4:1], water is added, and the mixture becomes
one of a high pH [11.0 - 11.8] where nicotine is completely protonated and the rate of
absorption spikes in the blood rapidly. It is a powerfully addictive and harmful product.
Recent reports through consultations, social media and word of mouth indicate the
increasing use of Toombak within the USA and amongst American teenagers and
young adults. The knowledge of Toombak amongst oral medicine clinicians must
therefore be fully developed as well as further awareness protocols amongst society
Initiated.

Methods: 300 questionnaires were distributed to Toombak users within the Dental
department of National Ribat University in the year 2017. 256 responded with mean
age group of 36 years. Patients were asked in regards the initiation of Toombak, social
implications including early age initiation [EAI], health awareness and difficulty of
cessation. Furthermore, an assessment by an oral medicine clinician was carried out

of the oral cavity.

Results: Of 256 responders, 41 patients had manifestations of disease in relation to the
use of Toombak. This ranged from poor oral hygiene [37], halitosis [24] and
periodontal disease [16] to oral epithelial dysplasia [7] and oral cancer [5]. 94% of
patients were of EAI with 76% unable or unwilling to cessate the habit.

Conclusion: Toombak is a type of smokeless tobacco originating from Sudan but with
new trends of worldwide spread. More young US citizens may be at risk of developing
the habit of Toombak and awareness amongst US clinicians is vital. Toombak carries

several health risks and is highly addictive.
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