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Abstract

Ageing is essentially a biological process that leads to the malfunction of cells and organs,
dysregulation of body systems, and generally, age-related illnesses that ultimately result
in the individual's death. These age-related medical conditions can have several
consequences for the organism affecting several systems in the body. One of the elements
between disease and body response is the gut microbiota. Several factors can affect the
microbiota composition, including age and health status. An important genus in the gut is
Bacteroides and its abundance in the elderly have been targeted with different outcomes.
Therefore, studying the alterations of the microbiome in the elderly population can
constitute a valuable tool to help understand the non-healthy and healthy status of old
individuals, and also establish interventions in the gut microbiota to promote health in the

elderly people.

In the current study, twelve faecal samples from 7 healthy and 5 non-healthy individuals
aged between 60 and 90 years old, including individuals from both genders from the
Algarve region were analysed regarding their bacteriome using the Oxford Nanopore
system. The isolation of Bacteroides species was performed using the culture medium
Bacteroides vulgatus Selective Agar (BVSA). Isolates from representative characteristic
and uncharacteristic colonies were identified by sequencing the 16S rRNA gene and the
Gram-negative isolates from uncharacteristic colonies were first identified using the
RapID ONE system (Thermo Fisher Scientific).

The individual bacteriome profile revealed that the phylum Firmicutes was prevalent in
all samples except for one that showed the dominance of the phylum Bacteroidetes. The
bacteriome pattern regarding the abundance of the different genera and species evidence
a tendency for a unique pattern, but Oscillibacter valericigenes was abundant in the
majority of the samples. Differences between gender were noticed, namely, the phylum
Proteobacteria was more abundant in males, and several species were unique for each
group. The results of the bacteriome profile according to the health status evidence that
Bacteroides vulgatus (Phocaeicola vulgatus) was more abundant in the non-healthy
group, whereas Prevotella copri was more abundant in the healthy group. It was possible
to recover in culture the different Bacteroides species, even those reported at very low

numbers in the bacteriome.

Key words: ageing, health status, gut microbiota, Bacteroides spp., microbiome, elderly.



Resumo

Uma microbiota intestinal funcional é atualmente reconhecida como um elemento
essencial na prevencao de doencas atribuidas ao processo de envelhecimento. O papel da
microbiota intestinal em doencas relacionadas com a idade, tais como diabetes tipo 2,
deméncia e Alzheimer, Parkinson, doencas cardiovasculares, obesidade, depresséo, entre
outras tem sido nos Gltimos anos reconhecido pela comunidade cientifica. E importante
realgar que nos ultimos anos, um numero significativo de estudos evidenciou a forte
associacao entre a composi¢do do microbiota intestinal e os varios parametros utilizados
na avaliacdo do desempenho fisico e no estado de fragilidade. Em particular, as alteraces
na abundancia do género Bacteroides no envelhecimento tém sido reportadas em alguns
paises. O presente estudo preliminar tem como objetivo a avaliacdo do bacterioma
intestinal de individuos idosos com um padrdo de envelhecimento saudavel e ndo
saudavel de diferentes locais da regido do Algarve, conjuntamente com a quantificacdo e
identificacdo de espécies cultivaveis de Bacteroides do trato gastrointestinal destes
individuos. Neste estudo, foram recolhidas 12 amostras fecais incluindo 7 individuos
saudaveis e 5 ndo saudaveis com idades compreendidas entre os 60 e os 90 anos,
abrangendo individuos de ambos os géneros. O perfil bacteriano da microbiota intestinal
de cada individuo foi analisado com recurso a plataforma de sequenciacdo de quarta
geracdo Nanopore MinlON (MinlON Mk1C). Assim sendo, foi realizada a sequenciacéo
do gene 16S rRNA (regido V1-V9, com um comprimento ~1.5 kpb) a partir do DNA total
de cada amostra fecal. Previamente a preparacao da biblioteca a concentracdo do DNA
foi determinada com recurso ao fluorometro Qubit 2.0. Na preparacéo da biblioteca foram
utilizados o kit 16S barcode (SQK-RAB204) e a célula de fluxo R9.4.1. Os resultados da
sequenciacdo foram analisados com recurso a plataforma EPI2ME da Oxford Nanopore
Technologies. A segunda abordagem (cultura-dependente) foi direcionada para a
quantificacdo e identificacdo de espécies de Bacteroides. Com este objetivo, foi utilizado
0 meio seletivo Bacteroides vulgatus Selective Agar (BVSA) para inoculagdo das
amostras, todas as colonias caracteristicas foram contabilizadas e sujeitas a purificagdo
em meio Brain Heart Infusion (BHI) suplementado com hemina (0,01% p/v). Colonias
ndo caracteristicas foram igualmente isoladas. Posteriormente a identificagdo dos isolados
foi realizada através da sequenciacdo do gene 16S rRNA. Os resultados da analise do

bacterioma intestinal evidenciaram que os filos mais abundantes nos individuos idosos



mais saudaveis e menos saudaveis sao similares diferindo no quarto e quinto filo mais
abundante. Os trés filos mais abundantes quer nos individuos saudaveis, quer nos
individuos menos saudaveis foram Firmicutes, Bacteroidetes, Proteobacteria, o quarto e
quinto filo variaram entre os individuos havendo, nomeadamente o filo Fusobacteria,

Lentisphaerae, Verrucomicrobia, Cyanobacteria, Actinobacteria e Tenericutes.

O perfil dos idosos com envelhecimento menos saudavel, a nivel do género, foi
caraterizado por niveis elevados de Bacteroides, Acidaminococcus e Oscillibacter, este
grupo de amostras possui ainda dois géneros que nao se observaram no grupo saudavel,
nomeadamente o género Kineothrix e Klebsiella. Nos idosos com perfil saudavel, o
género bacteriano mais abundante foi Prevotella, seguido de Oscillibacter. Os géneros

Lactobacillus e Streptococcus foram apenas observados no grupo de idosos saudaveis.

Nos idosos menos saudaveis as espécies mais abundantes foram Bacteroides vulgatus,
Acidominococcus intestini, Oscillibacter valericigenes, Bacteroides faecis e
Haemophilus parainfluenzae, enquanto nos mais saudaveis as espécies mais abundantes
foram Prevotella copri, O. valericigenes, Dialister invisus, Lactobacillus mucosae e

Agathobacter rectale.

A recuperacdo em cultura das espécies de Bacteroides a partir das amostras de idosos
saudaveis e menos saudaveis permitiu a identificacdo de trinta e quatro isolados, destes,
dezoito pertencem a ordem Bacteroidales. Com esta técnica, foi ainda observada a
recuperacdo de um numero significativo de enterobactérias com menor suscetibilidade a

colistina.

Os resultados obtidos evidenciam um bacterioma intestinal diferenciado de acordo com

0 estado de salde dos idosos, embora com uma tendéncia de perfil individual Gnico.

A analise entre géneros também demonstrou diferencas entre os perfis do bacterioma
intestinal feminino e masculino, com valores mais elevados de Bacteroidetes e
Proteobacteria nos individuos do género masculino em compara¢do com as amostras
provenientes de individuos do género feminino que apresentaram no seu bacterioma as

especies H. parainfluenzae and D. invisus.

Os resultados do corrente estudo apesar de preliminares evidenciam diferengas na
composi¢do do bacterioma entre idosos com um envelhecimento saudavel e idosos com

um envelhecimento menos saudavel, bem como foram observadas diferencas no



bacterioma intestinal entre idosos do género masculino e do género feminino, reforcando

a ideia de que varios fatores podem ter influéncia na composi¢do da microbiota intestinal.

Palavras-chave: envelhecimento saudavel, envelhecimento ndo saudavel, microbiota
intestinal, bacterioma espécies de Bacteroides, microbioma, idosos
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1. Introduction

1.1. The Gut Microbiota

The intestinal microbiota is a complex microbial community that inhabits our
gastrointestinal (Gl) tract, being composed of bacteria, archaea, fungi, and viruses (Haran,
J. P. & McCormick, B. A., 2021), it holds the largest bacterial community in the human
body. Although the entire Gl tract harbours a microbiota, the different conditions between
the small and large intestines lead to different bacterial communities (Martinez-Guryn,
K., Leone, V., & Chang, E. B., 2019). The colonic environment supports a large and
diverse bacterial population while in the small intestine high levels of oxygen, acids and
antimicrobials, and a short transit time contribute to the survival of only the resistant
bacteria to such conditions, which usually results in an environment constituted by
facultative rapidly growing anaerobes with the ability to adhere to the intestinal epithelia
(Thursby, E. & Juge, N., 2017). In the large intestine is observed an abundance of
nutrients and complex carbohydrates, and a robust mucus layer, these are responsible for
the establishment of several groups of bacteria, creating a massive bacterial community
that brings many benefits to the host, generating a mutually favourable relationship
between the host and the gut microbiota (Finlay, B. B. et al., 2019). The bacterial
community helps with the modulation of the gut epithelia, protects against pathogens,
contributes to the development of the immune system, and has a crucial role in digestion,
producing metabolites that affect other systems in the organism, while the host provides
a favourable environment to the bacterial growth (Rowland, I. et al., 2018; Thursby, E.
& Juge, N., 2017; Yoo, J. Y. et al., 2020).

The composition of the gut microbiota has been studied over the years, revealing that the
most predominant phyla in the intestinal microbiota are Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Fusobacteria and Verrucomicrobia (Rinninella, E. et al.,
2019).

One of the main advantages of colonic bacteria is their ability to ferment complex
carbohydrates, obtained from food intake or the intestinal mucus, generating metabolites,
such as short-chain fatty acids (SCFASs). Propionate, butyrate, and acetate are three of the
main SCFAs produced in the gut, being absorbed by the epithelial cells in the Gl tract. In
the human gut, acetate is produced by most gut anaerobes, whereas propionate and
butyrate are mainly produced by Bacteroidetes and Firmicutes, respectively. These

1



SCFAs have an important role in the human body, propionate is absorbed in the liver and
can activate gluconeogenesis, act on B-cell function and attenuate reward-based eating
behaviour, acetate is released into peripheral tissues and is lipogenic and butyrate has
anti-inflammatory and anticancer activities, is an energy source for colonocytes,
attenuates bacterial translocation and enhance gut barrier function. Both propionate and
butyrate are also histone deacetylase inhibitors, having a role in human epigenetics.
SCFAs appear to regulate hepatic lipid and glucose homeostasis, playing a role in
regulation of the immune system and inflammatory response and in the modulation of
appetite regulations and energy intake (Al Bander, Z. et al., 2020; Czajkowska, A. et al.,
2020; Rowland, I. et al., 2018; Thursby, E. & Juge, N., 2017; Yoo, J. Y. et al., 2020).
These SCFAs represent just a fraction of the metabolites of bacterial origin produced in

the gut that help modulate and regulate the entire human body (Rowland, I. et al., 2018).

Another important aspect resulting from gut colonization is the barrier that is created
against pathogenic bacteria. Bacteria in the gut, by competing for attachment sites or
nutrient sources and producing antimicrobial products, control the colonization of the Gl
tract by pathogenic bacteria (Li, Z. et al., 2018; Thursby, E. & Juge, N., 2017).

Over the years, the role of the intestinal microbiota in the human body has been gaining
prominence, and characteristics like composition, metabolite production and interactions
within and without the gut became major areas for research. Consequently, differences in
the intestinal microbiota between individuals and within the individual became related to
factors, such as type of delivery, the ageing process, genetic inheritance, individual's
lifestyle, diet, medication intake, hospitalization periods and geographic origin (Gupta,
V. K., Paul, S., & Dutta, C., 2017; Leite, G. et al., 2021; Nagpal, R. et al., 2018;
Rinninella, E. et al., 2019; Thomson, C., Garcia, A. L., & Edwards, C. A., 2021).
Therefore, it is established that the gut microbiota develops from birth and undergoes
constant fluctuations during the individual life time, resulting in a bacterial community
that is unique to each person (Dominguez-Bello, M. G. et al., 2019; Xu, C., Zhu, H., &
Qiu, P., 2019).

When intense these bacterial composition fluctuations are considered dysbiosis, which
means a major alteration in the composition of the gut microbiota that usually leads to a
modification of the core bacterial groups present in our intestine at a certain moment in

life. This dysbiosis state is responsible for an increase in susceptibility to disease and a



higher propensity to external infection but can also create a propitious environment for

opportunistic gut pathogenic bacteria to thrive (Buford, T. W., 2017).

1.2.  Factors That Potentiate Variations in the Intestinal Microbiota

The gut microbiota develops from birth (and probably in the womb) and changes during
an individual lifetime (Dominguez-Bello, M. G. et al., 2019). Several factors can exert a
striking effect on the intestinal microbiota, namely the ageing process itself, the state of
chronic inflammation (Inflammaging), the geographic location, diet, and medication and
hospitalization. Following, each one of these factors will be addressed in the next
sections.

Figure 1.2.1. illustrates the factors that impact the gut microbiota and the diseases that

are associated with alterations in the composition of the microbiota.
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Figure 1.2.1. Factors that impact the gut microbiota and diseases related with
alterations in the gut microbiota composition. Image created using BioRender 3
(biorender.com).



1.2.1. Ageing

Ageing is the biological process that leads to psychological and physiological changes,
malfunction of cells and organs, dysregulation of body systems and, generally, age-
related diseases that end up in the individual’s death (Finlay, B. B. etal., 2019; Rinninella,
E. etal., 2019). Among some of the global physiological changes is loss of muscle mass,
increase in body fat and cardiac and respiratory dysfunctions (Stachura, A. et al., 2020).
These physiological changes are unavoidable, and the ageing process is categorized based
on their degree. Successful ageing is characterized by minimal physiological,
psychological, and social deficits attributed to age. Typical ageing brings some deficits
to the individual without coexisting diseases, in contrast, pathological ageing is defined
by a disease pattern (Stachura, A. et al., 2020).

One of the main systems that undergo changes in both physiology and functionality
during an individual's lifetime is the gastrointestinal tract. The ageing process is
responsible for a reduction in basic metabolism and enzymatic activity, for decreasing the
acidity of the gastric fluid and reducing intestinal peristalsis, and also for the reduction of
the total area of the mucous membranes of the entire gastrointestinal tract, consequently
reducing absorption (Stachura, A. et al., 2020). All these changes interfere with the

microbial community that inhabits our gut.

Hence, the intestinal microbiota of a new-born is less complex, with the level of
complexity increasing with age (Dominguez-Bello, M. G. et al., 2019). In an overview,
from birth to adulthood there is an increase in the number and diversity of bacterial
members of the gut microbiota. In the transition from adulthood to old age, the gut
microbiota generally decreases in diversity and increases in quantity (Bana, B. &
Cabreiro, F., 2019).

The intestinal microbiota identified in a new-born is acquired from the mother's
microbiota and the surroundings during labour and undergoes minimal changes until the
incorporation of solid foods into the diet (Rinninella, E. et al., 2019). Different types of
delivery influence a baby's gut microbiota, the main phylum present in a new-born, who
had a vaginal delivery, is usually bacteria of the genus Bifidobacterium, in contrast, babies
born by caesarean section show the dominance of Corynebacterium and
Propionibacterium and, in general, a lower bacterial diversity (Rinninella, E. etal., 2019).

In adulthood, the gut microbiota composition tends to stabilize, forming a community in



which five phyla are usually the most abundant, namely Firmicutes, Bacteroidetes,
Actinobacteria, Verrucomicrobia and Tenericutes (Rinninella, E. et al., 2019). Firmicutes
and Bacteroidetes are the two main ones, forming an important element within the gut
microbiota, their rate is accounted for in most studies about gut microbiota composition.
The Firmicutes/Bacteroidetes ratio also changes during an individual's lifetime, being
low during childhood and old age and increasing during adulthood (Mariat, D. et al.,
2009). In old age, the gut microbiota is generally distinct from adulthood, changing
towards a more unique composition (Wilmanski, T. et al., 2021). In general, the
microbiota of the elderly shows a depletion of aerobic bacteria with an increase in the
strictly anaerobic groups (Rinninella, E. et al., 2019). Despite the greater number of
Bacteroidetes, Bacteroides spp. are generally less abundant (Leite, G. et al., 2021), as are
Bifidobacteria and Lactobacilli, on the contrary, Escherichia coli seem to be more
abundant in the elderly population (Kong, F. et al., 2019; Mariat, D. et al., 2009).
Regarding metabolites, the levels of SCFAs in the elderly population are lower in
comparison with younger subjects (Nagpal, R. et al., 2018).

1.2.2. “Inflammaging”

“Inflammaging” is a chronic inflammation occurring in the absence of noticeable
infection that represents a risk factor for morbidity, disability, frailty, cardiovascular
diseases, and mortality in the elderly population. This type of inflammation develops with
age, and it is characterized by elevated levels of blood inflammatory markers and
mediators (Chung, H. Y. et al., 2019; Ferrucci, L. & Fabbri, E., 2018; Shintouo, C. M. et
al., 2020). Although the permeability of the gut barrier is an established contributively
factor, the gut microbiota composition also plays a role in inflammation (Shintouo, C. M.
et al.,, 2020). In general, there is a reduction in bacteria that are responsible for
maintaining the immune tolerance in the gut, alongside an increase of the opportunistic
bacteria that usually stimulate intestinal inflammation (Shintouo, C. M. et al., 2020).
Animal studies showed that Parabacteroides, Mucispirillum, Clostridium and Sarcina
positively associate with the pro-inflammatory marker MCP-1 while Akkermansia,
Oscillospira, Blautia and Lactobacillus negatively correlate with it. In humans, the
phylum Proteobacteria exhibited a positive correlation with IL-6 and IL-8, while
Ruminococcus lactaris et rel. revealed a negative correlation with IL-8 (Shintouo, C. M.
et al., 2020).



It is also established that the elderly population has a decreased masticatory function
together with a compromised intestinal mucosal immune system (An, R. et al., 2018),
with reduced mucin production by epithelial cells, which causes an increase in the
permeability of the mucous membranes (Yoo, J. Y. et al., 2020), contributing to a state

of inflammation in the body.

Moreover, an aged-type microbiota was related to increased levels of several pro-
inflammatory markers and in a group of semi-centenarians, inflammation can predict
successful ageing (Chung, H. Y. et al., 2019). Centenarians often have an increase in
Akkermansia, Bifidobacterium, and Christensenellaceae in their intestinal microbiota,
which promotes a healthy immune function and increased anti-inflammatory activity
(Ferrucci, L. & Fabbri, E., 2018).

1.2.3. Geographic Provenance

Many factors significantly vary from one country to another, with the composition of the
gut microbiota happening the same way. Several differences were identified between
cohorts of different origins. These differences are essentially linked to lifestyle, food,

health conditions and access to basic sanitation (Gupta, V. K. et al., 2017).

Studies revealed that foraging communities have greater diversity in their gut microbiota
than Western populations, with the people living in the Western countries having a gut
microbiota enriched in Firmicutes, Actinobacteria, Verrucomicrobia and Bacteroidetes
(Gupta, V. K. et al., 2017; Senghor, B. et al., 2018). The gut microbiota diversity of the
Asian populations, for instance, is usually a transitional composition between the
diversity of Western populations and African communities, with a dominance of
Bacteroidetes and Firmicutes (Senghor, B. et al., 2018). The differences have been
studied all around the globe, being reported that Firmicutes are usually higher in the
American population when compared with other countries, contrarily to Bacteroidetes
that are usually higher in Korean and Japanese individuals in comparison with American
individuals (Senghor, B. et al., 2018).

At the genus level, Bifidobacterium and Clostridium abundance is usually higher in
Japanese populations. Regarding Bacteroides spp., levels are increased in the gut

microbiota of the Western countries’ populations (enterotype Bacteroides) while in the



non-Western countries the most common is the Prevotella enterotype, except for China,
which has a prevalence of Bacteroides higher than in other countries (Senghor, B. et al.,
2018).

1.2.4. Diet

Differences associated with geographic origin are commonly linked to the dietary habits
of each region, with the Western diet high in fat and protein and non-Western populations
consuming higher amounts of fibre, for example, the African gut microbiota has a
Prevotella enterotype with a diet containing very little protein and animal lipids, as
opposed to a Western diet that is enriched in these two components (Al Bander, Z. et al.,
2020; Rinninella, E. et al., 2019). The intake of fibre is also associated with higher levels
of Faecalibacterium prausnitzii (now classified as F. duncaniae (Sakamoto, M. et al.,
2022) and lower abundances of Eubacterium dolichum and Bacteroides uniformis (Lin,
D. etal., 2018).

Regarding specific types of diet (vegan, vegetarian and omnivorous), different species of
Bacteroides colonize the intestine in each situation. VVegans and vegetarians have a lower
number of B. fragilis when compared to omnivores. On the other hand, the omnivorous
diet leads to a prevalence of B. salanitronis and B. coprocola, while B. vulgatus (currently
Phocaeicola vulgatus, (Garcia-Lopez, M. et al., 2019)) is present only in vegetarians and
B. salyersiae is prevalent in vegans. The predominance of Bacteroides spp. has been
associated with animal-based diets, however, B. thetaiotaomicron is prevalent in vegans
and vegetarians (Zafar, H. & Saier, M. H., Jr., 2021).

1.2.5. Medication Intake and Hospitalization Periods

Extensive periods of hospitalization lead to structural differences in this bacterial
community, usually linked to medication intake, a poor diet and hospital-associated
microorganisms (Haran, J. P. & McCormick, B. A., 2021; Ravi, A. et al., 2019; Ticinesi,
A.etal., 2017). The hospital environment is enriched with antibiotic-resistant pathogens,
responsible for serious hospital infections, that thrive in weakened gut microbiota
(Milani, C. etal., 2016). In the elderly, these alterations can be responsible for early death

in hospitals (Ticinesi, A. et al., 2017). Differences between long-term and short-term



hospitalizations have been reported, with patients in long-term hospitalizations showing
a predominance of the phylum Bacteroidetes contrarily to healthy patients that have a
predominance of Firmicutes. The alterations at the phylum level involving short-term

hospitalizations are variable (Zapata, H. J. & Quagliarello, V. J., 2015).

Antibiotics are commonly used to treat bacterial infections and stop the proliferation of
pathogens. Overuse of broad-spectrum antibiotics around the world triggered the
development of several resistance mechanisms by bacteria leading to an emergence of
multi-resistant infections (Ramirez, J. et al., 2020; Yang, L. etal., 2021). Broad-spectrum
antibiotics are also responsible for the depletion of large amounts of bacteria from our
intestines, and the longer the exposure the bigger the damage (Korpela, K. et al., 2020;
Yang, L. et al., 2021). The depth of the perturbation that the antibiotic will cause depends
on several factors, including the antimicrobial spectrum of action and the composition of

the gut microbiota at pre-treatment (Rashidi, A. et al., 2021).

Antibiotic administration can occur at several stages during the individual lifetime. When
administered in new-borns, generally there is a depletion in Bifidobacterium spp. and an
increase in Clostridium spp. and Enterobacteriaceae, these changes at a such young age
can cause long-term dysfunctions of the immune system and in the metabolic pathways
(Korpela, K. et al., 2020). When administered during adulthood, unsettle short- and long-
term microbial balance, with decreases in diversity and richness in the community. Some
beneficial bacteria are depleted, leading to a fragile state in which the gut microbiota is
susceptible to opportunistic pathogens and antibiotic-resistant bacteria (Thursby, E. &
Juge, N., 2017). In the elderly, hospitalizations alongside antibiotic intake tend to
increase, which usually leads to a decrease in richness and diversity in the gut microbiota
(Lakshminarayanan, B. et al., 2014; Ramirez, J. et al., 2020), this can contribute to the
frailty state of the individual by the disruption of a previously balanced gut microbiota.

1.3. Alterations in the Gut Microbiota: Health and Disease

During an individual's lifetime, patterns of illness will occur. However, the ageing process
is responsible for an overall decline in the body's fitness, and this decline is often

accompanied by the development of disease.



Some age-related disorders have been associated with dysbiosis, including those with an
impact on the brain. With increasing evidence that the gut microbiota influences and is
influenced by the entire organism, attention has turned to the possible link between the
nervous system and the gut microbiota, establishing the Microbiota-Gut-Brain axis. This
axis is a multidirectional system in which the brain affects the gut microbiota through the
Autonomic Nervous System and the gut affects the Central Nervous System (CNS)
through neuroendocrine, neuronal, and immune-mediated pathways (Dieterich, W.,
Schink, M., & Zopf, Y., 2018; Santoni, M., Miccini, F., & Battelli, N., 2021; Zheng, S.
Y. et al., 2021). From this perspective, several studies have begun to identify gut
microbiota dysbiosis in patients with CNS-related disorders in comparison with healthy
controls. Some of these disorders are largely associated with the elderly and affect a large
percentage of the world population, however, intestinal dysbiosis may be associated not
only with the onset of these disorders but also with their progression and severity (Zheng,
S.Y.etal, 2021).

Therefore, some of the most common age-related disorders already associated with
dysbiosis are type 2 diabetes, Alzheimer's disease, Parkinson's disease, certain
cardiovascular pathologies (atherosclerosis), obesity, cancer, and even the individual's
frailty state (Buford, T. W., 2017; Gemikonakli, G., Mach, J., & Hilmer, S. N., 2021;
Leite, G. et al., 2021; Nagpal, R. et al., 2018; Rinninella, E. et al., 2019).

In addition, other disorders, unrelated to the ageing process, are also commonly
associated with dysbiosis in the gut, such as autism spectrum disorders, depression, celiac
disease, irritable bowel syndrome and inflammatory bowel disease (Du, Y. et al., 2020;
Rinninella, E. et al., 2019; Xiao, L. et al., 2021).

1.3.1. Type 2 Diabetes (T2D)

T2D is a metabolic disorder characterized by hyperglycemia i.e., high levels of insulin in
the bloodstream, associated with insulin resistance or deficient insulin production
(Cunningham, A. L., Stephens, J. W., & Harris, D. A., 2021). Approximately 422 million
people worldwide have diabetes and more than 95% of that group have type 2 diabetes
(World Health Organization (WHQO), 2021). Diabetes in the elderly population occurs
with functional loss, various comorbidities, and premature death (LeRoith, D. et al.,
2019).



Studies involving type 2 diabetes patients reported that the composition of the gut
microbiota is altered in comparison with healthy controls. At the phylum level, there is a
reduction in Firmicutes, with a consequent decrease in the Firmicutes/Bacteroidetes ratio,
and an increase in Negativicutes (correlated with inflammation in these patients).
Regarding genus-level proportions, a reduction in the genus Clostridium and SCFAs
producing bacteria, such as Roseburia, Bacteroides, Prevotella, Akkermansia and
Bifidobacterium species is noticeable, alongside an increase in Lactobacillus and the
opportunistic bacteria Bacteroides caccae (Cunningham, A. L. et al., 2021; Rinninella, E.
etal., 2019; Santacroce, L. et al., 2021; Umirah, F. et al., 2021).

1.3.2. Obesity

Obesity is defined as an abnormal accumulation of fat that poses a health risk. This
condition is a risk factor for several diseases, such as musculoskeletal disorders,
cardiovascular diseases, and some types of cancer, being responsible for 4 million deaths
each year (WHO, 2021). In Portugal in 2015, according to data from the 1% National
Health Survey with Physical Examination (INSEF), there was a prevalence of 28.7%,
with overweight reaching 38.9%, values that near doubled since they were first reported
in 1998 (Gaio, V. et al., 2018).

Besides the mentioned diseases, obese individuals are at risk of developing T2D, 86% of
T2D patients are obese or overweight, and it is expected that the prevalence of obesity-
related diabetes will double to 300 million by 2025 (Dyson, P. A., 2010).

Obese people generally have decreased overall bacterial diversity in their gut, with a
lower relative abundance of Bacteroidetes (higher Firmicutes/Bacteroidetes ratio), at the
phylum level. Their gut microbiota shows enrichment in Prevotella and SCFAs-
producing bacteria along with a decrease in Bacteroides spp. particularly B.
thetaiotaomicron (Dong, T. S. et al., 2022; Ejtahed, H. S. et al., 2020; Liu, R. et al., 2017,
Rinninella, E. et al., 2019; Yoshida, N. et al., 2021).

1.3.3. Cardiovascular pathologies

Cardiovascular pathologies are responsible for 32% of deaths worldwide each year

(WHO, 2021). Although the information on gut microbiota and cardiovascular diseases
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(CVD) is still limited, in expansion an association between CVD phenotypes and changes
in the relative abundance of specific microbial groups has been reported (Anderson, K.
M. et al., 2022). Patients with cardiovascular pathologies tend to have altered levels of
specific intestinal microbiota-dependent metabolites that will influence CVD phenotypes.
These changes are detected in plasma and have been linked to an impaired intestinal
barrier that allows bacteria and metabolites to leak into the bloodstream. The bacteria in
the gut microbiota are responsible for the production of the metabolites alongside the
impaired gut barrier (Tang, W. H. & Hazen, S. L., 2017; Witkowski, M., Weeks, T. L.,
& Hazen, S. L., 2020). The primarily trimethylamine-N-oxide (TMAO) is the most
associated gut metabolite with heart failure (Chioncel, O. & Ambrosy, A. P., 2019; Dong,
Z. et al., 2021; Heianza, Y. et al., 2020; Israr, M. Z. et al., 2021). TMAO is produced
during the digestion of nutrients, such as phosphatidylcholine (lecithin), choline and L-
carnitine by the action of intestinal bacteria, and then is transported to the bloodstream
(Cui, X. et al., 2018). The levels of TMAO in the plasma of patients that suffer heart
failure are very consistent with age, brain natriuretic peptide (BNP), and inversely
correlated with values of renal insufficiency, such as estimated glomerular filtration rate
(eGFR) (Suzuki, T. et al., 2019; Trgseid, M. et al., 2015; Wei, H. et al., 2022; Zhou, X.
et al., 2020). However, the use of TMAO levels as a biomarker is still in debate
(Anderson, K. M. et al., 2022).

1.3.4. Colorectal Cancer

Presently, colorectal cancer is one of the main causes of death among cancer patients
worldwide, being reported more than 600,000 deaths per year, which makes this type of
cancer the most challenging in sustaining the health of populations (Brenner, H., Kloor,
M., & Pox, C. P., 2014).

In Portugal, the data about the incidence of colorectal cancer evidence that between 2007
and 2011, colorectal cancer was implicated in about 10,250 deaths in men and 7,410
deaths in women, and about 37,500 new cases of this cancer were recorded during that
period (Roquette, R., Painho, M., & Nunes, B., 2019).

The start of colorectal cancer is associated with the development of polyps, the
unregulated growth of cells lining the inner layers of the intestinal walls. Some are quite

common and have low malignant potential, these are called hyperplastic polyps. These
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polyps are not recognized as colorectal cancer promoters. Other polyps, denominated by
adenomas, are the main indicators of cancer and these are called precancerous polyps
(Meseeha, M. & Attia, M., 2022).

Around 70% of all colorectal cancer cases are influenced by environmental factors rather
than genetic, factors, including lifestyle, diet, metabolism and even gut microecology.
Diseases, such as Diabetes mellitus, inflammatory bowel disease, obesity, and high-fat
diets are among the main factors that contribute to the onset of colorectal cancer. Other
risk factors for the development of this type of cancer are unhealthy habits, such as
smoking and alcohol consumption (Arvelo, F., Sojo, F., & Cotte, C., 2015; Kato, I. et al.,
2013).

The role of the gut microbiome in the development and progression of colorectal cancer
has evoked great interest from both clinicians and researchers (Bamola, V. D. et al., 2022;
Gao, Z. et al., 2015; Mira-Pascual, L. et al., 2015; Shen, X. J. et al., 2010; Wang, T. et
al., 2012).

The bacteria of the phylum Proteobacteria are more abundant in patients with colorectal
cancer in comparison with healthy individuals. The genera of this phylum more
implicated in colorectal cancer are Salmonella spp. and Escherichia spp. (Bonnet, M. et
al., 2014; Iftekhar, A. et al., 2021; Lu, R. et al., 2017).

Patients with this type of cancer have decreased quantities of Bacteroidetes, at the phylum
level. However, their gut microbiota is enriched in Bacteroides, particularly Bacteroides
fragilis. Different species of this genus produce metabolites, such as carboxylic acids and
simple sugars, which promote colorectal cancer (Coker, O. O. et al., 2022). Other genera
associated with colorectal cancer are Enterococcus, Escherichia/Shigella, Klebsiella,
Lactobacillus, Streptococcus and Peptostreptococcus. While presenting lower
proportions of Roseburia and other butyrate producers (DeJong, E. N., Surette, M. G., &
Bowdish, D. M. E., 2020; Rinninella, E. et al., 2019; Santacroce, L. et al., 2021).

1.3.5. Alzheimer’s disease (AD)

Alzheimer's is a multifactorial neurodegenerative disease, clinically characterized by an
insidious onset of memory and cognitive impairment, the onset of psychiatric symptoms

and behavioural disorders, and impairment of activities of daily living (Wu, S. et al.,
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2021). In a mice model of AD-like pathology with amyloid and neurofibrillary tangles
(ADLP”PT) mice was observed a modified intestinal microbiota, lower epithelial barrier
integrity, and pronounced intestinal and systemic inflammation (Kim, M. S. et al., 2020).
The frequent transfer and transplantation of the intestinal microbiota of healthy wild-type
mice to the ADLPAPT mice over a long period of time weakened the beta-amyloid (ApB)
settling, tau pathology, reactive gliosis, and memory impairment in this mice model.
Moreover, the authors during the transfer of the intestinal microbiota over a long period,
observed that intestinal macrophage activity and the circulating blood Ly6Chi monocyte
population achieved comparable levels with those of wild-type mice (Kim, M. S. et al.,
2020). With this model, the authors evidenced the interaction between the gut (through
the evaluation of the gut permeability and colonic gene expression), blood (studying the
blood immune cell population) and the brain (the injury observed) axis and AD.

The gut microbiota of people with AD is characterized by an overall decreased microbial
richness and diversity, with a reduction in some proportions of phyla, such as Firmicutes
and Actinobacteria, while an increase in others, such as Bacteroidetes and Proteobacteria
(Rinninella, E. et al., 2019; Romanenko, M. et al., 2021; Wu, S. et al., 2021). In addition,
there is a decrease in the proportions of three main families Clostridiaceae,
Turicibactereaceae and Bifidobacteriaceae, with a consequent decrease in genera,
namely Turicibacter, Clostridium and Bifidobacterium (Vuotto, C. et al., 2020; Wu, S. et
al., 2021). Other studies have also recorded a decrease in bacteria, such as Dialister, the
anti-inflammatory Eubacterium rectale (currently Agathobacter rectalis) (Vuotto, C. et
al., 2020) and butyrate-producing bacteria (Wu, S. et al., 2021). These patients also have
increased proportions of members of the families Gemellaceae (Gemella and Blautia),
Bacteroidaceae (Bacteroides) and Rikinellaceae (Alistipes), and the genera
Phascolarctobacterium and Bilophila. At the species level, these patients show a greater
abundance of taxa responsible for pro-inflammatory states, such as Odoribacter
splanchnicus, Bacteroides vulgatus and species of the genus Escherichia/Shigella
(Vuotto, C. et al., 2020; Wu, S. et al., 2021).

1.3.6. Parkinson’s disease (PD)

Parkinson’s disease (PD) is a neurodegenerative disease with a global incidence and

increasing prevalence and mortality rates worldwide. This disease is clinically
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characterized by a vast number of symptoms, but the pathohistological hallmark is the
presence of Lewy bodies (aggregated proteins) in the nervous system (Unger, M. M. et
al., 2016). The intestinal microbiota of patients with PD is characterized by a decrease in
the phylum Bacteroidetes when compared to healthy controls (Unger, M. M. et al., 2016).
Bacterial families, such as Prevotellaceae, Lactobacillaceae, Enterococcaceae and
Lachnospiraceae also decrease, while there is an increase in Enterobacteriaceae,
Verrucomicrobiaceae, Bifidobacteriaceae, Christensenellaceae and Ruminococcaceae
(Unger, M. M. et al., 2016; Zheng, S. Y. et al., 2021). In addition, there is a decrease in
butyrate-producing bacteria, such as those belonging to the genera Faecalibacterium,
Coprococcus, Blautia, Prevotella and other members of the Prevotellaceae family. In
contrast, several genera, such as Lactobacillus, Bifidobacterium, Akkermansia and the
opportunistic pathogens Porphyromonas and Corynebacterium are generally detected at
higher levels (Vuotto, C. et al., 2020; Zheng, S. Y. et al., 2021). At the species level,
lower abundances of F. prausnitzii and higher levels of Akkermansia muciniphila were
reported (Unger, M. M. et al., 2016).

In patients with PD, the genus Bacteroides was associated with increased plasma levels
of tumour necrosis factor- o (TNF-a), while Verrucomicrobia was associated with
increased plasma concentrations of IFN-y, which can lead to auto-inflammatory states
(Zheng, S. Y. et al., 2021). Some bacterial groups were positively related to disease
severity, such as members of the family Enterobacteriaceae including Escherichia,
Shigella and Proteus, members of the family Lactobacillaceae, and the genus
Enterococcus, (Zheng, S. Y. et al., 2021).

Importantly, in these patients, the integrity of the intestinal barrier is disrupted, and

intestinal bacterial counts decrease as the disease progresses (Vuotto, C. et al., 2020).

1.3.7. Sarcopenia and Frailty

Sarcopenia is a continuous impairment in muscle mass and strength that is observed
during ageing (Marzetti, E. et al., 2017). This condition is particularly harmful to the
elderly since occurs a higher probability of them being exposed to events that can
compromise their health and even their life, namely disfunction, loss of their
independence, risk of institutionalization, and ultimately death (Marzetti, E. et al., 2017).

So far, sarcopenia has not been recognized as a single event because of the difficulty in
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establishing a clear pathophysiology and the occurrence of many overlaps with other age-
related changes (Calvani, R. et al., 2018). Attempts to find an unambiguous functional
definition of sarcopenia have been made, but so far, this plenty clear definition is still
absent (Landi, F. et al., 2018). Nevertheless, the sarcopenia guidelines (last reviewed in
2018), recognized the prime importance of muscle strength affection on the amount of
muscle mass as a predictor of the sarcopenia state (Cruz-Jentoft, A. J. et al., 2019).
Regarding the prevalence of sarcopenia, it is estimated that in the population aged 60
years and over the prevalence value is around 10%, with similar values between genders
(Shafiee, G. et al., 2017).

As mentioned above sarcopenia is mainly associated with age, but can also be observed
at younger ages, being in this case designated by pre-sarcopenia, to which other factors
besides age are linked, namely obesity and lack of physical activity (Finlay, B. B. et al.,
2019; Marzetti, E. et al., 2017). In terms of clinical aspects, an overlap occurs between
sarcopenia and frailty and also with the characteristic decline associated with age in terms
of physiological limitations and difficulties in maintaining the whole organism in
equilibrium, which facilitates the occurrence of life-threatening events in older
individuals, such as falls, hospitalization, disability, institutionalization, and mortality
(Cesari, M., Calvani, R., & Marzetti, E., 2017; Haran, J. P. & McCormick, B. A., 2021).

The first study that investigated the gut microbiota in frailty was conducted in 2005 by
Van Tongeren et al., (2005). In this study for individuals with high frailty scores, it was
reported a lower proportion of Lactobacilli, Bacteroides/Prevotella and F. prausnitzii,
and an increase in the proportion of Ruminococcus, Atopobium and members of the family
Enterobacteriaceae (van Tongeren, S. P. et al., 2005). More recent studies also observed
a lower proportion of F. prausnitzii along with members of the families Lachnospiraceae,
Ruminococcaceae and Erysipelotrichaceae, in contrast with a higher proportion of
members of Clostridiales and Coriobacteriaceae, specifically two species, the
Eubacterium dolichum and Eggerthella lenta (Jackson, M. A. et al., 2016; Stachura, A.
et al., 2020). The fact that F. prausnitzii, a butyrate-producing bacteria is at lower
numbers in frailty individuals suggests that the tight junctions of the intestinal epithelial
cells with the consequent prevention of microbial translocation into system circulation is
compromised in frailty individuals (Peng, L. et al., 2009; Vital, M., Howe, A. C., &
Tiedje, J. M., 2014).
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1.3.8. Depression

Depression is a prevalent neuropsychiatric disease that affects around 280 million people
worldwide, and currently, the World Health Organization anticipates that depression will
be the leading factor toward disease overburden by 2030 (WHO, 2021). This disease
exerts heavy public health and economic burdens and has an incredibly high recurrence
rate. The elderly are highly affected by depression, being this condition one of the main
causes of disability, decline and comorbidity in older adults (Alexopoulos, G. S., 2005;
Almeida, O. P., 2014). It is estimated a high prevalence of depression among the geriatric
population, reaching about 10 to 20 % (WHO, 2017). The causes of depression are not
yet clarified.

In the study conducted by Valles-Colomer et al., (2019) it was reported enrichment of
Bacteroides 2 enterotype (a pattern with a lower relative abundance of the genus
Faecalibacterium) in individuals suffering from depression and with poor quality of life,
and also in patients with Crohn’s disease. In contrast, butyrate-producing bacteria, such
as Faecalibacterium and Coprococcus showed to be positively correlated with better
quality of life indicators. Moreover, the authors observed that the synthesis of the
compound 3,4-dihydroxyphenylacetic acid (DOPAC) was strongly correlated with the
abundance of Coprococcus. However, the ability of Coprococcus to synthesize DOPAC
is not clear. These results reinforce the idea that not only butyrate can be implicated in a
higher quality of life, but also suggest that other compounds can contribute to the
association of Coprococcus with a higher quality of life and lack of depression (Valles-
Colomer, M. et al., 2019).

Another study also reported gut microbiota alterations in individuals suffering from
depression, results showed an underrepresentation of Firmicutes and an
overrepresentation of Bacteroidetes, Proteobacteria, and Actinobacteria. Moreover, the
gut microbiota composition of these patients is characterized by lower levels of
Lachnospiraceae, = Ruminococcaceae, Faecalibacterium,  Lactobacillus  and
Bifidobacterium, while having a higher proportion of Bacteroidales (Du, Y. et al., 2020).
The findings of these two mentioned studies consolidate the positive role of butyrate-

producing bacteria in preventing mental disorders.
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1.3.9. Inflammatory Bowel Disease (IBD)

IBD is a chronic inflammatory disease of the gastrointestinal tract, which includes
ulcerative colitis (UC) and Crohn's disease (CRD), that can appear at any age
(Ananthakrishnan, A. N., Nguyen, G. C., & Bernstein, C. N., 2021; Guan, Q., 2019). In
the elderly, it represents a challenge in terms of diagnosis and treatment, due to other
comorbidities that are usually present (Ananthakrishnan, A. N. et al., 2021). About 1 in
160 elderly people is affected by IBD, and the prevalence of the disease among the elderly
is increasing by 5.2% per year (Ananthakrishnan, A. N. et al., 2021). In addition,
premature development of sarcopenia has been reported in patients with IBD, and these

patients are more likely to require surgery (Ryan, E. et al., 2019).

In this case, intestinal changes are often linked to the severity of the disease (Guan, Q.,
2019). The changes in UC and CRD are different, in the former, there is a decrease in the
levels of butyrate-producing bacteria while in CRD there is a reduced global diversity,
decreased levels of F. prausnitzii (butyrate-producing strain) and increased levels of
Mycobacterium avium subsp. paratuberculosis and adherent-invasive E. coli (Guan, Q.,
2019; Rinninella, E. et al., 2019; Santacroce, L. et al., 2021). Furthermore, the presence
of Clostridium difficile is increased in both (Guan, Q., 2019).

1.3.10. Chronic Kidney Disease (CKD)

Kidney function suffers a decline with ageing, as such, diseases like CKD have a high
prevalence in the elderly population (Mallappallil, M. et al., 2014). Some of the risk
factors of CKD are other ageing-associated disorders, such as obesity, diabetes,
hypertension, frailty, and sarcopenia (Mallappallil, M. et al., 2014; Margiotta, E. et al.,
2020).

The gut microbiota of CKD patients shows an increased abundance of the genera
Citrobacter, Anaerotruncus, Coprobacillus and strains of Ruminococcus torques
accompanied by a decrease in saccharolytic and butyrate-producing bacteria, such as
Prevotella, Roseburia strains and F. prausnitzii (Margiotta, E. et al., 2020), Regarding
patients with a diagnostic of frailty alongside CKD, an increase in abundance of several
bacteria was observed in comparison with CKD patients alone, namely bacteria from the
family Coriobacteriaceae, the genera Anaerotruncus, Coprobacillus and Dorea and the

species Eubacterium dolichum and Eggerthella lenta (Margiotta, E. et al., 2020). These
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findings evidence how the existence of more than one comorbidity can influence the

alterations in the gut.

Even though all these profiles of the gut microbial composition were detected over the
years, there are numerous inconsistencies between the studies regarding each scenery,
this, alongside the absence of a line of causation are two of the main difficulties in

studying the microbiome and diseases.

1.4. Alterations in the Gut Microbiota: Epigenetics

Epigenetic modifications are mechanisms that allow the cells to alter their gene
expression without modifying the genetic makeup of each cell. The mechanisms
underlying epigenetic changes are based on DNA methylation and post-translational
histone modification, which are monitored by epigenetic modifying enzymes (Woo, V.
& Alenghat, T., 2022). The role of this epigenetic regulation in the human body is being
unveiled and its involvement as a tool for the microbiota to influence the physiology of
the host is already recognized. DNA methylation is already considered a promising
marker for the study of human development and ageing. Its applicability to different

tissues and cell types is the main advantage of its use as a biomarker (Horvath, S., 2013).

Thus, the mechanisms underlying this are being identified and are based on the principle
that microbial metabolism influences the availability of chemical donors for DNA or
histone modifications, the regulation of the expression and/or activity of epigenetic
modifying enzymes and the activation of intrinsic host cell processes than direct
epigenetic pathways (Peery, R. C. et al., 2021; Woo, V. & Alenghat, T., 2022).

One of the binding elements in these systems is the primary substrate for DNA and histone
methylation, S-adenosylmethionine (SAM). This substrate is metabolized using folate,
which is generated by the intestinal microbiota, mainly by Bifidobacterium and
Lactobacillus (Woo, V. & Alenghat, T., 2022). Changes in the composition of the gut
microbiota can influence the production of SAM and alter the status of DNA and histone

methylation. In addition, high levels of Fusobacterium were already associated with
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impaired DNA methylation in patients with UC, and an increase in DNA methylation in
colorectal cancer-related genes was observed (Aleksandrova, K., Romero-Mosquera, B.,
& Hernandez, V., 2017; Woo, V. & Alenghat, T., 2022).

Ethionine, another microbiota-derived metabolite produced by Lactobacillus reuteri, is
known to inhibit histone deacetylases (HDACs)(Woo, V. & Alenghat, T., 2022). As
mentioned above, SCFAs, such as propionate and butyrate are also HDAC inhibitors that
can induce chromatin changes resulting in impaired gene expression. Studies have shown
that children with untreated IBD have differences in methylation status and gene
expression in the gut (Howell, K. J. et al., 2018). B. thetaiotaomicron, a strain producer
of SCFAs, was able to increase HDAC expression in germ-free mice, suggesting that one
species can largely influence the host epigenome. Therefore, the gut microbiota has been
found to stimulate various types of histone modifications, including histone acetylation
and methylation, in various human tissues (Aleksandrova, K. et al., 2017; Woo, V. &
Alenghat, T., 2022). Thus, dysbiosis, by depleting commensal SCFAs producers, can lead
to changes in the epigenome, which can result in serious consequences for the host (Peery,
R. C.etal., 2021).

Other molecules that can help to bridge the gap between the epigenome and the gut
microbiota are non-coding RNAs (ncRNAs), which break down into long and small non-
coding RNAs, these molecules can regulate gene expression at the chromosome or gene
level (Woo, V. & Alenghat, T., 2022).

Long non-coding RNAs (IncRNAs) regulate gene expression by acting directly on DNA
scaffolds by modifying chromatin and can be induced by the gut microbiota but have been
found to be expressed in other organs (spleen and thymus). As a result, the microbiota
regulates the expression of INCRNAs in the intestine, but also remotely in other tissues
(Woo, V. & Alenghat, T., 2022).

Micro RNAs (miRNAs) are short, single-stranded ncRNAs that are expressed in cells and
circulate systemically (Woo, V. & Alenghat, T., 2022). These molecules have been shown
to control the integrity of the intestinal barrier in patients with UC, in addition, a different
expression of specific miRNAs was detected in the mucosa of patients with IBD when
compared to controls. (Aleksandrova, K. et al., 2017).

Although the number of studies is limited, these studies encourage further research in this

field. The link between microbiota and epigenome also creates the possibility that new
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epigenetic biomarkers will emerge alongside those already linked to the ageing process
(Levine, M. E. et al., 2018).

1.5. Bacteroides spp. in the Gut of the Elderly

Bacteroides are Gram-negative, anaerobe, non-motile, non-spore-forming rods, that are
known to inhabit the human gut (Wexler, H. M., 2007). They account for a major
proportion of the gut microbiota community, and play several roles in the gut, maintaining
the microbial food web, acting as nutrient providers for the host and other gut bacteria,
and working as primary producers of SCFAs, Bacteroides spp., produce mainly acetate
and propionate, which are powerful anti-inflammatory mediators (Dong, T. S. et al.,
2022; Zafar, H. & Saier, M. H., Jr., 2021).

Species, such as B. thetaiotaomicron and B. fragilis carry, in their genomes,
polysaccharide utilization loci (PULS) that are activated in the presence of the glycans
which allow an interspecies cross-feeding relationship with other microorganisms (Tan,
H., Zhai, Q., & Chen, W., 2019). For example, B. thetaiotaomicron metabolizes starch,
providing both maltose and glucose to Eubacterium ramulus, which in turn ferments
glucose into butyrate (Zafar, H. & Saier, M. H., Jr., 2021). These types of interactions are
not only beneficial to the bacterial community, but they also play beneficial roles in
human health. As providers, Bacteroides spp. are also major sources of outer membrane
vesicles (OMVs), which usually contain glycosidases, lipid hydrolases and proteases, that
are shared with other species that without it would not be capable of degrading complex
polysaccharides (Zafar, H. & Saier, M. H., Jr., 2021). By providing the inheritor bacteria
with the required tools to obtain nutrients, the OMVs support the growth of other bacteria
in the gut contributing to overall gut homeostasis. Moreover, this support also happens
between intra-genus, namely with B. ovatus that by breaking important glycans allows
their utilization by B. vulgatus (Zafar, H. & Saier, M. H., Jr., 2021).

Although their role as providers in the gut is a major characteristic of this genus, the
environment in the gut requires competition advantages between microorganisms. For

that, some Bacteroides spp. have specific transporters for some of their partially degraded
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polysaccharides and secrete antimicrobial toxins in a contact-independent manner,
resorting to the OMVs (Zafar, H. & Saier, M. H., Jr., 2021).

Even though they normally play a beneficial role in the human gut, when translocated
into other parts of the human body they can trigger disease, turning out to be opportunistic
pathogens (Wexler, H. M., 2007). The translocation of Bacteroides spp. to sterile tissues
through the intestinal mucosa may be assigned to several factors, particularly the
disruption of the gut barrier, surgical injuries, compromised immune system, excessive
antibiotic usage, and ageing. It is also known that some Bacteroides spp., such as B.
caccae, are responsible for the degradation of the mucus that leads to thinner layers of the
intestinal mucosa, which compromises its function as a barrier to the movement of
pathogens and opportunistic pathogens to other organs. When translocation occurs,
aerobic bacteria are the first responsible for tissue damage. Then, the redox potential of
the oxygenated tissues reduces and anaerobes, such as Bacteroides have the chance to
thrive. The spread of Bacteroides spp. outside the intestine can thus lead to bacteraemia
(bacterial presence in the bloodstream) and abscess formation in different parts of the
body. Other elements responsible for the Bacteroides pathogenicity are their virulence
factors, this genus possesses a complex capsular system, and some strains are capable of
producing toxins like the fragilysin from B. fragilis and some hemolysins produced by
both B. fragilis and B. thetaiotaomicron, additionally, they can survive oxidative stress

resorting to the action of a variety of oxidoreductases (Zafar, H. & Saier, M. H., Jr., 2021).

This genus and its abundance in the gut have been targeted in some studies, revealing that
lower quantities of Bacteroidaceae members are observed in cases of obesity (Li, Z. et
al., 2018), atherosclerosis (Yoshida, N. et al., 2018), and dementia (Saji, N. et al., 2019).
Moreover, Bacteroides spp. are also diminished in mice exposed to stress (Rinninella, E.
et al., 2019). In contrast, higher levels of Bacteroidaceae members are associated with
healthy colons (DeJong, E. N. et al., 2020), but also insulin resistance, Alzheimer’s
disease (Vogt, N. M. et al., 2017), and autism spectrum disorders (Garcia-Gutierrez, E.,
Narbad, A., & Rodriguez, J. M., 2020). In some diseases, such as colorectal cancer, some
species of Bacteroides, namely B. vulgatus are in lower concentrations while B. fragilis

are in higher concentrations (DeJong, E. N. et al., 2020).

The amount of Bacteroides spp. in the gut of older individuals is not consistent across

countries, and this may be associated with environmental factors, particularly diet
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changes and alterations in the physiological functions of the gastrointestinal system
(Ghosh, T. S., Shanahan, F., & O’Toole, P. W., 2022).

2. Objectives

Being established the symbiotic relationship between the gut microbiota and the host,
alongside the importance of the ageing process and taking into account the uneven reports
on the abundance of Bacteroides spp. in the gut of older individuals the main objective
of the current study was to evaluate the gut bacteriome of elderly from Algarve region
using the Oxford Nanopore system and examine the abundance and diversity of
Bacteroides species using a culture-dependent approach. To achieve these goals, faecal
samples from healthy and non-healthy old individuals (over 60 years old) were collected
and the faecal DNA extracted, then the amplification of the 16S rRNA gene was
performed, and for sequencing the MinlON MK1C device from Oxford Nanopore

Technologies was used.

For the recovery of Bacteroides spp. from the old adults’ faecal samples the Bacteroides
vulgatus Selective Agar (BVSA) culture medium was used. The characteristic colonies
were purified, and the identification of the isolates was performed by sequencing the 16S
rRNA gene.
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3. Materials and Methods

3.1. Equipment

e Anaerobic Jar, Oxoid (UK).

e AnaeroGen 2.5 L, Atmosphere Generation Systems, Oxoid (UK).

e Analytical Balance AE 200, Mettler (USA).

e Analytical Balance XS-410, Fisher Scientific (Portugal)

e Autoclave Uniclave 88, AJC (Portugal).

e Binder Incubator, Binder (Germany)

e Electrophoresis Power Supply, EPS 301 (USA)

e Gel Electrophoresis Apparatus GNA-100, Pharmacia Biotech (USA)

e GeneFlash, Syngene (India)

e Heating and agitation plate, Selecta, Agimatic-E (Spain)

e High Pure PCR Template Preparation Kit, F. Hoffmann-La Roche (Switzerland)

e Microscope, Leitz, Laborlux 11.

e Leitz LaborLux 11, Leitz (Germany)

e Mikro 200R Centrifuge, Hettich Zentrifugen (UK).

e MinlON MK1C, Oxford Nanopore Technologies (UK).

e Mini-V /PCR PCR camera, Telstar (Spain)

e Nanodrop 2000, Thermo Fisher Scientific (USA).

e Qubit 2.0 Fluorometer, Thermo Fisher Scientific (USA).

e SpectraMax iD3 Multi-Mode Microplate Reader, Molecular Devices (USA)

e Stereomicroscope SZ, Olympus (Japan)

e Thermocycler T-personal, Biometra (Germany)

e Thermocycler T1, Biometra (Germany)

e Ultra-low Temperature Freezer -80°C U725, Innova New Brunswick Scientific
(USA)

e Vortex L46, Labinco (The Netherlands)

e 16S Barcoding Kit (SQK-RAB204), Oxford Nanopore Technologies (UK)

23



3.2. Culture media

e Bacteroides Vulgatus Selective Agar (BVSA) prepared with 30g/L of Trypto-
Casein Soy Broth (TSB)(Biokar Diagnostics, France), 2 g/L yeast extract (Biokar
Diagnostics), 2 g/L dehydrated ox-bile (Sigma-Aldrich, USA), 1 g/L esculin
(Merck), 0.5 g/L ferric ammonium citrate (Merck, Germany) supplemented with
vitamin K1 (1%, v/v, Sigma-Aldrich), hemin (0.1%, v/v, Honeywell Fluka™),
kanamycin (0.2%, w/v, Sigma-Aldrich), vancomycin (0.075%, w/v, Sigma-
Aldrich), colistin (0.015%, w/v, Sigma-Aldrich), and 1.5% (w/v) agar (Biokar
Diagnostics), pH 7.1.

e Brain Heart Infusion (Thermo Scientific™) prepared according to the
manufacturer's instructions, supplemented with hemin (0.1%, v/v, Honeywell
Fluka™) and L-cysteine (0.1%, w/v, Sigma-Aldrich) (BHI+ H). To obtain a solid

medium, agar at a 1.5% concentration (Biokar Diagnostics) was added, pH 7.1.

e Brucella Agar (Liofilchem, Roseto d. Abruzzi, Italy) prepared according to the
manufacturer's instructions, supplemented with vitamin K1 (1%, v/v) and hemin

(0.1%, v/v). To obtain a solid medium, agar at a 1.5% concentration was added.

e Mueller-Hinton Agar (Biokar) prepared according to the manufacturer's

instructions.

e Mueller-Hinton Broth (Biokar) prepared according to the manufacturer's

instructions.

3.3. Solutions
The solutions used in the present study were as follows:

e Ammonium acetate solution 10 M: 77.05 g of ammonium acetate (Merck) in 100
mL of distilled water.

e Chloroform: Isoamyl alcohol (24:1) (v/v): 24 mL of chloroform (LAB-Scan) and
1 mL of isoamyl alcohol (Merck).
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Colistin solution (0.015 mg/mL) (Sigma-Aldrich). The antibiotic was dissolved in
distilled water.

Ethylenediamine tetra acetic acid (EDTA) 0.5 M, pH 8: 18.6 g EDTA in 100 mL
distilled water.

Lysozyme solution (100 mg/mL) (Merck).

Guanidine, EDTA, Sarcosil (GES)— 60 g of guanidine thiocyanate (Promega), 20
mL of 0.5 M EDTA solution pH8 (Sigma-Aldrich), 5 mL of sarcosyl, 100 mL of
distilled water.

Hemin solution 0.1%: 0.1 g hemin and 2 mL 1M NaOH in 100 mL of deionized
water (light-sensitive solution).

Kanamycin solution (50 mg/mL) (Sigma-Aldrich). The antibiotic was dissolved
in distilled water.

Lysis Buffer: 1 mL of 1M Tris HCI, pH 9 to 2.5 mL 1M KCI, 0.1 mL Triton-X,
93.9 mL of MilliQ water.

Phosphate Buffered Saline (PBS): 8 g/L NaCl, 0.2 g/L KCI, 1.44 g/L Na2HPO4,
0.24 g/L KH2POA4.

Tris-Acetate-EDTA buffer 50x: 242 g/L Tris base (Sigma), 57.1 mL Glacial acetic
acid (Panreac), 100 mL 0.5 M EDTA pH 8.

Vancomycin solution (7.5 mg/mL (Sigma-Aldrich). The antibiotic was dissolved
in distilled water.

1 M NaOH solution.

10 mM Tris-HCI, pH 8.0, with 50 mM NacCl.

3.4. Faecal Samples

This preliminary study is in frame with the work of the funded Project “ALgarve Fit

Aging Score (ALFA Score): a new integrated tool to improve quality of life and healthy

ageing”. Twelve faecal samples from 7 healthy and 5 non-healthy individuals aged

between 60 and 90 years old, including individuals from both genders, were used. The

exclusion criteria were the treatment with antibiotics one month before the study or

hospitalization three months prior to sample collection. An informed consent for each

participant was provided.
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The faecal samples were collected from each participant and immediately transported to
the laboratory in refrigerated conditions. The faecal samples were maintained in
RNAlater (0,3 g/mL) at -80°C until use. Table 3.4.1. summarizes the information about

each participant.

Table 3.4.1. Participant’s general information

Sample ID Gender Age Health Status Provenance

S1 Female 62 Non-healthy Algarve, Portugal
MHA Male 68 Healthy Algarve, Portugal
MHB Male 74 Healthy Algarve, Portugal
MNA Male 88 Non-healthy Algarve, Portugal
MNB Male 70 Non-healthy Algarve, Portugal
FHA Female 71 Healthy Algarve, Portugal
FHB Female 61 Healthy Algarve, Portugal
FHC Female 86 Healthy Algarve, Portugal
FHD Female 71 Healthy Algarve, Portugal
FHF Female 72 Healthy Algarve, Portugal
FNA Female 74 Non-healthy Algarve, Portugal
FNB Female 70 Non-healthy Algarve, Portugal

3.5. Bacterial Culture Conditions

The isolation of Bacteroides species from faecal samples was carried out using the culture
selective medium, Bacteroides vulgatus Selective Agar (BVSA) (Bacic, M. K. & Smith,
C. J.,, 2008) supplemented with kanamycin (200 mg/L), vancomycin (0.75 mg/L) and
colistin (0.015 mg/L). Briefly, 0.1-0.25 g of the stool were transferred into a sterile 2 mL
Eppendorf tube and resuspended into 1 mL of Phosphate Buffered Saline (PBS) buffer.
The mixture was homogenised using a vortex and centrifuged at 700 xg, for 5 min. From
that, 500 uL of the supernatant were retrieved and serial decimal dilutions were prepared
using PBS. Afterwards, 100 pL of the dilutions 10 and 10 were inoculated into BVSA
plates, in duplicate. The inoculated plates were incubated under anaerobic conditions
using an anaerobic jar within an anaerobic sachet (AnaeroGen, Thermo Scientific™, UK)
for 4 days at 37°C.

For quantification, characteristic colonies (small, black, shiny colonies with a
surrounding dark halo zone) were identified and counted. Other cultural colony
characteristics were also considered. Five colonies of each morphological type were

transferred to Brain-Heart Infusion (BHI) agar supplemented with hemin (0.1%, v/v) and
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L-cysteine (0.1%, w/v). The inoculated plates were incubated for 48 h at 37°C, under
anaerobic conditions (as described above). The bacterial cells of the isolated colonies
were subjected to Gram staining in order to confirm the presence of Gram-negative
bacilli. The pure cultures were maintained in BHI supplemented with 25% (v/v) glycerol
in cryovials at -80°C.

The differences between the bacterial counts in the healthy and non-healthy groups were
analysed by performing an ANOVA with the software SPSS. Statistical significance was
considered at p < 0.05.

3.6. DNA Extraction from Faecal Samples

For faecal DNA extraction, 0.3 g from each stool sample were used. DNA extraction was
performed with the QIAmp PowerFecal DNA Kit (QIAGEN, Germany) following the
manufacturer's instructions with minor modifications: after homogenization of the faecal
sample with the PowerBead solution and the C1 solution, three cycles of 5 min. of heating
(at 65°C) interspersed with three cycles of 5 min. of vortexing were done, and, in the final
step, the solution C6 was left to act in the membrane for 2 min. All extracted DNA

samples were stored at -20°C until further use.

3.7. DNA Extraction from Bacterial Cultures

Bacterial genomic DNA extraction from pure bacterial cultures was accomplished using
the GES method (Pitcher, D. G., Saunders, N. A., & Owen, R. J., 1989). Briefly, bacterial
cells were inoculated into 10 mL of BHI+H and incubated under anaerobic conditions
(covered with 1 mL of sterile paraffin), for 2 days at 37°C. From this culture, 2 mL were
retrieved and centrifuged at 5000 xg, for 10 min. Afterwards, each bacterial cell pellet
was resuspended into 100 pL of lysis buffer combined with 25 pL of lysozyme (100
mg/mL) and incubated at 35°C for 90 min. Following, 500 pL of GES solution (guanidine
thiocyanate, 0.5 M EDTA, 0.5% N-laurosarcosine) and 250 puL of 10 M ammonium
acetate were added, followed by incubation on ice for 5 and 10 min., respectively.
Afterwards, 500 puL of chloroform:isoamyl alcohol (24:1) were added and mixed by
inversion, then the tubes were centrifuged (20 000 xg, for 10 min. at 4°C) and the
supernatant recovered. From the collected supernatant DNA was precipitated by the

addition of 0.5 volumes of cold isopropanol, followed by homogenization (by slow
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inversion) and centrifugation (20 000 xg, for 5 min. at 4°C). The pellet was washed twice
with 800 pL of 70 % ethanol and centrifuged at 20 000 xg, for 1 min., at 4°C. After being
air-dried, the DNA was dissolved into 35 pL of Nuclease-Free Water and the tubes were
maintained on ice for 1 h. The DNA samples were aliquoted and stored at -20°C until use.
The quantity and quality of the extracted DNA were evaluated using the Nanodrop 2000
(Thermo Scientific™, UK).

To evaluate the DNA integrity an agarose gel was prepared with the addition of 6 uL of
the dye “Green Safe” at a concentration of 1:100. In the wells of the gel were loaded 2
pL of DNA and 2 puL of Loading Buffer 6x concentrate (VWR). The marker “GeneRuler
™ DNA Ladder Brews 1 kb’ was used. The gel electrophoresis was run in 1x Tris-Acetate
EDTA buffer at 120V for 30-40 min.

2 uL of the isolated DNA were loaded into a 1% agarose gel electrophoresis, which was
run at 120V for 40 min.

3.8. DNA Purification

Whenever required the DNA samples (both, faecal and bacterial) were purified using the
High Pure PCR Template Preparation Kit (F. Hoffmann-La Roche, Switzerland)
according to the manufacturer’s instructions with minor modifications. Briefly, PBS was
added to the DNA sample to achieve a volume of 200 pL. Afterwards, 200 pL of Binding
Buffer were added into the tube, followed by 40 pL of reconstituted Proteinase K. The
mixture was incubated at 70°C for 10 min. and afterwards for 1 min. on ice. After
incubation, 100 uL of isopropanol are added and well mixed.

A High Pure Filter Tube was assembled into one Collection Tube and the sample was
poured into the High Pure Filter Tube for a centrifugation step (8000 xg, for 1 min.). The
Collection Tube was discarded, and the High Pure Filter Tube was assembled into a new
one, 500 pL Inhibitor Removal Buffer was added into the upper reservoir of the Filter
Tube, followed by centrifugation (8000 xg, for 1 min.). For the washing step, the Filter
Tube was assembled into a new Collection Tube and 500 pL of Wash Buffer was added
to the Filter Tube, followed by centrifugation (8000 xg, for 1 min.). This step was done
twice, discarding the flow through between washes. After washing, an additional
centrifugation step of 10 sec. was performed to withdraw all the remaining Wash Buffer.
Finally, to elute the DNA the Filter Tube was placed into a 1.5 mL Eppendorf and 100
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puL of prewarmed (70 °C) Elution Buffer was added to the filter followed by a 3 min.
incubation at room temperature (optimized step). To retrieve the DNA onto the tube a
final centrifugation step was performed (8000 xg, for 1 min.).

3.9. Identification of Bacterial Isolates
Uncharacteristic colonies (small with a brown centre surrounded by a blue light colour)
showing Gram-negative bacilli were identified using the RapID ONE system (Thermo

Fisher Scientific, USA) following the instructions of the manufacturer.

The identification of the recovered Bacteroides species was done by sequencing the 16S
rRNA gene. This gene was previously amplified by polymerase chain reaction (PCR),
with the universal primers, 27F (5’AGAGTTTGATCMTGGCTCAG-3’) and 1492R
(5’GGTTACCTTGTTACGACTT-3") (Bakir, M. A. et al., 2006). Each 20 uL PCR
reaction included 2.5 pL of 5x Colourless GoTag® Flexi Reaction Buffer (Promega,
USA), 1 uL of 25 mM MgCl2 (Promega, USA), 0.5 uL dNTPs, 0.5 pL of each primer (10
pM), 0.125 uL of GoTag® G2 Flexi DNA Polymerase (Promega, USA), 12.875 uL of
nuclease-free water and 100 ng of genomic DNA. The PCR conditions were an initial
denaturation step (94 °C for 7 min.) followed by 29 cycles of denaturation, 94°C for 1
min., an annealing step at 59 °C for 1 min., an extension step at 72°C for 1.5 min., and a
final extension step at 72°C for 5 min.

The amplicon of each reaction was visualized through gel electrophoresis as described in

section 3.7.

The amplicons of the appropriate size were sequenced at the Molecular Biology
Laboratory of the Centro Ciéncias Mar (CCMar) using standard Sanger sequencing
procedures using the 1492R primer. The 16S sequences were analysed and those with 750
-1200 bp were selected for analysis. The identification of the closest matches to sequence
queries was performed using the National Center for Biotechnology Information (NCBI)
Blastn (https://www.ncbi.nlm.nih.gov/) and also the Ribosomal Database Project (RDP)
Sequence Match (Cole, J. R. et al., 2013)

(http://rdp.cme.msu.edu/segmatch/segmatch intro.jsp).
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3.10. Antibiotic Susceptibility

3.10.1. Antibiotic Susceptibility of Escherichia coli Isolates

After the identification of the bacterial isolates, the antibiotic susceptibility of 4 isolates
identified as E. coli was performed using the disk-diffusion method (Kirby-Bauer test).
The determination of the minimum inhibitory concentration (MIC) of the antibiotic
colistin was done by microdilution.

Briefly, the E. coli isolates were grown on BHI + H for 24 h at 37°C. Bacterial
suspensions were prepared in PBS to a turbidity of McFarland 0.5. A volume of 100 uL
was inoculated into Mueller-Hinton (MH) agar plates. The antibiotic disks (Oxoid,
Basingstock, UK) of clindamycin (2 pg) (DA), imipenem (10 pg) (IMP) and
moxifloxacin (10 pg) (MXF) were used. The inoculated plates were incubated at 35°C
for 20 h. After incubation, the susceptibility zone diameters were measured, and the
values were checked against the breakpoints established by EUCAST (2022).

For the microdilution method, a colony from each E. coli isolate was inoculated into 5
mL of MH broth and incubated at 37°C overnight. Then in a sterile 96-well flat-bottom
microplate (Sarstedt Inc, Nimbrecht, Germany) 3 different concentrations of colistin
were tested: 0.015 mg/L, 0.03 mg/L and 0.06 mg/L (which correspond to 1, 2 and 4 x
colistin BVSA’s concentration, respectively). Non-inoculated MH broth was used as
blank and the culture of each isolate in MH broth was used as a control for bacterial
growth. The microplate was incubated at 30°C, and the optical density (ODsoo nm) Was
measured every hour for 9 h using the SpectraMax iD3 Multi-Mode Microplate Reader
(Molecular Devices, USA).

3.11. Microbiome Analysis

The bacteriome of each faecal sample was established by the amplification of the 16S
rRNA gene using the 16S Barcoding Kit of the Oxford Nanopore (SQK-RAB204)
following the instructions of the manufacturer.

The scheme of the bacteriome analysis performed in the current study is illustrated in
Figure 3.11.1.
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3.11.1. Library Preparation

Briefly, 10 ng of genomic DNA from each sample, previously quantified using Qubit 2.0
Fluorometer, was mixed with Nuclease-free water, into a final volume of 10 pL. Each
PCR reaction contained 10 puL of DNA together with 1 pL of 16S Barcode (10 mM), 25
puL of LongAmp Tag 2X Master Mix (Biolabs, USA) and 14 uL of Nuclease-free water.
Amplification was performed under the following conditions: an initial denaturation step
at 95°C for 1 min. followed by 25 cycles of a first denaturation step at 95°C for 20 seconds,
an annealing step at 55 °C for 30 seconds and an extension step at 65°C for 2 min., and
the final extension step at 65°C for 5 min. After amplification, all samples were
transferred to new tubes and 30 pL of resuspended AMPure XP beads (Beckman Coulter,
USA) were added and mixed into the reaction. The pellet with the beads was spun down
in a magnet holder and the supernatant was discarded, following a wash step with fresh
70% ethanol and another spin down, in the magnet holder to retrieve most of the ethanol.
The pellet is left to air-dry to evaporate all the ethanol. Afterwards, the pellet is
resuspended in 10 pL of Tris-HCI (10 mM, pH 8.0) NaCl (50 mM) with an incubation
period of 2 min. at room temperature. The mixture was then eluted by aggregating the
spheres with the magnet holder, allowing 10 pL of the eluate to be recovered in a new
tube. All eluted samples were quantified using the Qubit 2.0 Fluorometer (Thermo
Scientific™, USA), and all barcoded libraries were pooled in the required ratios to a total
of 50-100 fmoles in 10 pL of Tris-HCI (10 mM, pH 8.0) NaCl (50 mM). Finally, 1 uL of
Rapid Adapter was added into the mix, and all tubes were incubated for 5 min. at room

temperature.

3.11.2. Sequencing
Sequencing was done using a SpotON Flow Cell and a Flow Cell Priming Kit (Oxford
Nanopore Technologies, UK), according to the manufacturer’s instructions on the

MinlON MKZ1C device from Oxford Nanopore Technologies (UK).

3.11.3. Data Acquisition and Analysis

Live base calling was performed on MinlON Mk1C with MinKNOW base calling whilst
sequencing and running a fast base calling model and read filtering with a minimal score
of 8. The base called Fastq files were uploaded to the EPIME platform via the software
EPI2MEAgent (version 3.5.6) and 16S alignment was selected and the analysis results

were collected. Assignment of the reads to their appropriate taxonomic group was
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performed with the NCBI 16S database (Federhen, 2012; Coordinators, 2016). Taxa with

low abundance (<0.01% of total reads) were not included in the analysis.
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Figure 3.11.1. Schematic of the bacteriome analysis workflow performed in the current
study. Image created resorting to BioRender (biorender.com).
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4. Results
4.1. Isolation and Identification of Bacteroides spp.

As mentioned previously uneven reports about the abundance and diversity of
Bacteroides spp. in the bacteriome of elderly people have been published over time. One
of our objectives was to recover and identify the culturable species of the Bacteroides
genus from the gut of healthy and non-healthy old individuals from Algarve,
corroborating the abundance and diversity of the strains in their gut using a culture-
independent approach. The isolation of Bacteroides spp. was performed by plating the
selected dilutions of faecal samples in BVSA medium and picking the characteristic
colonies from each sample. Figure 4.1.1. A, B illustrates a representative plate of BVSA
with potential Bacteroides colonies (brown-black surrounded by a dark halo due to
esculin hydrolysis). Other uncharacteristic colonies, which vary in size, colour, shape,

edge pattern and degree of esculin hydrolysis can be observed. Representative colonies

of Bacteroides spp. grown in BHI+H are depicted in Figure 4.1.1. C, D.
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Figure 4.1.1. BVSA plates with characteristic colonies of Bacteroides spp. from faecal samples.
Potential Bacteroides colonies are indicated with blue arrows. Plate A) 10 dilution and B) Section
of a plate inoculated with the 107 dilution C) Isolate MHB PEB?2 identified as B. fragilis in BHI+H
D) Isolate FHB6 identified as B. caccae in BHI+H.

The counts of Bacteroides spp. (Log 10 CFU/g faeces) are indicated in Table 4.1.1. The healthy
group showed an amount of Bacteroides spp. of 6.92 + 0.34 Logio CFU/g faeces, in contrast,
the non-healthy group showed an amount of 7.19 + 0.28 Logio CFU/g faeces.

In the healthy group, the sample that showed the highest number of Bacteroides spp. was MHA
(7.43 £ 1.00 Log10 CFU/g faeces) whereas the MHB sample showed the lowest counts (6.30 £
0.15 Log10 CFU/g faeces). In the non-healthy group, sample MNB had the highest number of
Bacteroides (7.60 = 0.15 Log10 CFU/qg faeces), whereas the sample FNB showed the lowest
number with 6.95 + 1.03 Logl0 CFU/g faeces. No significant differences (P>0.05) were
observed between the counts of Bacteroides spp. in the healthy and non-healthy groups.
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Table 4.1.1. Determination of Bacteroides spp. counts in faecal samples of healthy and
non-healthy elderly individuals.

Healthy Non-Healthy
Sample Log10 CFU/g Sample Log10 CFU/g
MHA 7.43£1.00 S1 7.09+0.75
MHB 6.30£0.15 MNA 6.95+1.15
FHA 6.82+1.15 MNB 7.60+£0.15
FHB 6.90 £ 0.45 FNA 7.38+0.55
FHC 7.11+0.93 FNB 6.95+1.03

FHD 6.90+0.63
FHF 6.97+0.45
Mean Log10 Healthy Non-Healthy
CFU/g 6.92 + (.34 7.19+0.28°

a - values not significantly different (P>0.05) as determined by ANOVA with the SPSS
software.

The first step in the identification process was to perform a Gram stain, and the Gram-negative
representatives of characteristic colonies were processed for identification by sequencing the
16S rRNA gene. Gram-negative isolates from uncharacteristic representative colonies were

previously identified using the RapID ONE system (Thermo Fisher Scientific, USA).

The 16S rRNA gene sequences were analysed and those from 750-1200 bp were selected for
analysis using the National Center for Biotechnology Information (NCBI) Blastn
(https://www.ncbi.nlm.nih.gov/) and also the Ribosomal Database Project (RDP),
(http://rdp.cme.msu.edu/segmatch/segmatch_intro.jsp). The results collected from NCBI Blastn
and RDP Sequence Match databases are summarized in Table 4.1.2. In total, 20 bacterial
isolates were identified from male samples, 19 using 16S rRNA gene sequencing (Table 4.1.2.),
6 belonging to the Bacteroidaceae family (genus Bacteroides and Phocaeicola) and 2 belonging
to the order Bacteroidales (genus Parabacteroides and Dysgonomonas). The remaining 11
(Table 4.1.2.), include the one identified using the RaplD ONE system (Table 4.1.3.) that
belongs to the Enterobacteriaceae family. Fourteen isolates were recovered from female faecal
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samples. The identification performed by sequencing the 16S rRNA gene on ten isolates (Table
4.1.2.) showed that 9 belong to the Bacteroidaceae family (genus Bacteroides and Phocaeicola)
and 1 isolate belongs to the Bacteroidales order (genus Parabacteroides). The remaining 4
isolates were identified using the RaplD ONE system, and all belong to the Enterobacteriaceae

family (Table 4.1.3.).
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Table 4.1.2. Results of the identification of the bacterial isolates by sequencing the 16S rRNA

gene.
Isolate NCBI® RDP*
Species | Genus Species
Escherichia coli | Uncultured Bacterium
Uncultured Shigella | Uncultured Bacterium
51 GBL1 Escherichia coli | Escherichia/Shigella  Uncultured Organism
Cronobacter sakazakii ! Uncultured Organism
Escherichia coli : Uncultured Organism
Escherichia fergusonii ! Erscherichia fergusonii
Escherichia coli O137H7 | Escherichia fergusonii
51 GBL2 Escherichia coli O137-HY i Escherichia/Shigella  Escherichia fergusonii
Escherichia coli O157H7 . Escherichia fergusonii
Escherichia coli 01537:H7 i Uncultured Bacterium
Bacteroides koreensis : Uncultured Organism
Uncultured organism clone ' Uncultured Organism
51 GYERI Uncultured organism clone | Bacteroides Uncultured Organism
Uncultured organism clone i Uncultured Organism
Uncultured organism clone ! Unecultured Organism
Uncultured bacterium ! Uncultured Bacterium
Parabacteroides distasonis | Uncultured Organism
51 MYR1 Parabacteroides distasonis \  Parabacteroides Parabacteroides distasonis
Parabacteroides sp. : Uncultured Organism
Uncultured Parabacteroides ; Uncultured Organism
Uncultured organism clone | Uncultured Organism
Uncultured organism clone i Uncultured Organism
51 MBE1 Uncultured organism clone ' Escherichia/Shigelln  Uncultured Organism
Uncultured organism clone ! Uncultured Organism
Escherichia coli ' Escherichia coli
Uncultured organism clone \ Uncultured Organism
Escherichia coli ' Ercherichia coli
S1PBE1 Shigella flexneri v Escherichia/Shigella  Escherichia coli
Escherichia coli ' Ercherichia coli
Escherichia coli : Uncultured Organism
Escherichia spp. | Escherichia coli
Escherichia spp. | Ercherichia coli
MHA GEHL  Escherichia spp. \  Escherichia/Shigella  Escherichia coli
Ercherichia coli | Enterobacteriaceae bacterivm
Escherichia spp. i Escherichia coli
Escherichia spp. | Uncultured Bacterium
Escherichia spp. : Uncultured Organism
MHA GCEL  Escherichia spp. \ Escherichia/Shigella  Escherichia coli
Ercherichia coli : Ercherichia coli
Escherichia spp. | Escherichia coli
Uncultured bacterinm clone ' Escherichia coli
Escherichia coll ! Escherichia coll
MHB GCL  Escherichia coli 1 Escherichia’Shigella  Cronobacter sakazakii
Escherichia coli : Uncultured Escherichia sp.
Cronobacter sakasakii ' Bacterium mkk1

The results are ordered from the higher to the lower values of similarity. The similarity score values are indicated
in Table S1, Appendix 1.
aFirst five results for the closest known species, collected using Blastn software.
® First five results for the closest known species obtained with Ribosomal Database Project Sequence Match

software.
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Table 4.1.2. (continued).

Isolate NCBI* RDP®
Species | Genus Species
Uncultured organism | Uncultured organism
Uncultured organism | Uncultured organism
MHB PEE1  Uncultured organism : Dysgonomonas Uncultured organism
Uncultured organism : Uncultured organism
Uncultured organism : Uncultured organism
Bacteroides fragilis : Uncultured organism
Bacteroides fragilis : Uncultured bacteriom
MHB PEB2?  Bacteroides fragilis : Bacteroides Uncultured bacteriom
Bactercides fragilis | Bactervides fragilis
Uncultured Bacteroides spp. . Bacteroides fragilis
Uncultured organism ! Uncultured bacteriom
Phocasicola dorei : Uncultured Bacteroidetss bacterivm
MHE PEB4  Phocasicola dorei | Phocagicola Uncultured Bacteroidetes bacterium
Phocasicola dorei | Uncultured bacterium
Phocasicola dorei E Uncultured bacterium
Uncultured bacterium \ Uncultured organism
Uncultured organism \ Uncultured organism
MHE MEE? Uncultured organism ' Phocaeicola Uncultured organism
Uncultured organism \ Uncultured bacteriom
Uncultured organism : Uncultured bacterium
Escherichia coli | Bacterium clone
Ercherichia coli | Ercherichia coli
MNAMCL]1  Bacterium EM-2014-85 \ Escherichia/Shigella  Uncuoltured bacterium
Ercherichia marmotae | Uncultured bacterium
Ercherichia coli : Escherichia coli
Shigella flexneri : Uncultured organism
Uncultured organism : Uncultured organism
MNAMCL2 Uncultured organism « Escherichia/Shigella  Uncultured organism
Ercherichia coli : Uncultured bacterium
Escherichia coli : Uncultured organism
Escherichia spp. ! Uncultured bacterium
Escherichia coli ' Uncultured Shigella
MNAPEB1  Cronobacter sakasakii ! Escherichia/Shigella  Escherichia coli
Escherichia coli ! Shigella sonnei
Cronobaciter sakasakii ' Uncultured Shigella
Phocaeicola dovei ' Uncultured bacterium
Phocaeicola dovei ' Uncultured bacterium
MNAPEBE3  Phocasicola dorel : Phocaeicola Uncultured organism
Phocaeicola dorei \ Uncultured organism
Phocaeicola dorei ' Uncultured organism
Uncultured organism | Uncultured organism
Bacteroides caccae | Uncultured bacterium
MNA MEB3  Bactfercides caccae | Bactercides Uncultured bacterium
Bacteroides caccae | Uncultured bacterium
Bacteroides spp. : Uncultured organism
Klebziella spp. ! Klebziella pneumoniae
Klebsislla pneumoniae ! Uncultured bacterinm
MNB GEL.  Klebsiella pneumoniae ! Klebziella Klebsislla pneumoniae
Klebsislla pneumoniae ! Uncultured bacterinm
Klebsiella pneumonias ! Klebsiella pneumonias
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Table 4.1.2. (continued).

Isolate NCEI* RDP?
Species ! Genus Species
Uncultured orgamism i Uncultured organism
Uncultured orgamism ! Uncultured organism
FHA HEHF1 Uncultured orgamsm i Bacteroides Uncultured organism
Uncultured orgamism f Uncultured organism
Uncultured organism ' Uncultured organism
Bacteroides ovatus | Bacteroides spp.
Bacteroides koreensis : Uncultured bacterium
FHAHEHC2 Bacteroides ovatus : Barteroides Uncultured organism
Bacteroides ovatus ; Uncultured organism
Bactaroides ovatus ! Uncultured organism
Uncultured bacterium ! Uncultured bacterium
Uncultured bacterium : Uncultured bacterium
FHE2 Uncultured bacterium : Parabacteroides Uncultured organism
Uncultured orgamism : Uncultured organism
Uncultured organism | Uncultured organism
Bacteroides koreensis | Bacteroides ovatus
Bacteroides ovatus : Uncultured organism
FHE3 Bacteroides ovatus [ Barteroides Uncultured organism
Bacteroides ovatus : Uncultured organism
Bacteroides koveensis : Bacteroides spp.
Bactaroides caccae i Uncultured bacterium
Bacteraides caccae g Uncultured bacterum
FHBE6 Bacteroides caccae | Bacteroides Uncultured bacterium
Bacteraides spp. : Uncultured bacterum
Bacteraides spp. ! Uncultured bacterum
Uncultured orgamism | Uncultured organism
Uncultured orgamism E Uncultured organism
FHD PEB3  Uncultured organism ! Phocaeicola Uncultured organism
Uncultured Bacteroides spp. ! Uncultured organism
Uncultured organism ! Uncultured organism
Bacteraides koreensis ! Uncultured organism
Bacteraides ovatus ! Uncultured organism
FNA GEL Bacteroides ovatus ! Bacteroides Uncultured bacterium
Bacteroides ovatus | Uncultured bacterium
Bacteroides ovatus : Uncultured bacterium
Bacteroides clarus : Bacteroides clarus
Bacteroides clarus : Bacteroides clarus
FNBPEB4  Bacteroides clarus : Bacteroides Uncultured bacterium
Uncultured bactermum clone E Uncultured bacteriam
Uncultured bacterium clone ' Uncultured bacterium
Bacteroides dorei : Uncultured bacterium
Bacteroides dorei ! Uncultured orgamism
FNB MEB4  Phocaeicola dorei ! Phocaeicola Uncultured organism
Phocaeicola dorei ! Uncultured orgamism
Phocasicola dorei ! Uncultured organism
Uncultured organism ! Uncultured organism
Uncultured organism E Uncultured organism
FNB MEBH1 Uncultured organism ! Barteroides Bacteroides nordii
Uncultured orgamsm ! Bacteroides thetaiotaomicron
Uncultured orgamsm ! Bacterium NLAE-z]-C182
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Table 4.1.3. Identification of isolates using the RapID ONE.

Isolate RapID ONE
FHA GCL Providencia alcalifaciens
FHC MEB4 Moellerella wisconsensis

FHD PEB1 Shigella spp.

FHF PEBH1 Shigella spp.
MNB GCL Salmonella choleraesuis

The distribution of culturable Bacteroides spp. recovered from the faecal samples of healthy
and non-healthy old individuals are shown in Figure 4.1.2. The percentage of isolates in
healthy individuals identified as P. dorei achieved 7%, in contrast with non-healthy
individuals for which this percentage reached near the double, 13%. Interesting, the specie
B. fragilis was only recovered from healthy individuals. The specie B. ovatus was also
recovered in a higher number (15%) from healthy individuals whereas from non-healthy
only 6% was retrieved. The specie B. clarus was only recovered from non-healthy
individuals. In summary, the diversity of the Bacteroides species was higher in healthy
individuals in comparison with non-healthy old adults (Figure 4.1.2.). It is also important to

highlight that the “other genera” correspond to the isolates that belonged to the

Enterobacteriaceae family identified by sequencing the 16S rRNA gene.
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Healthy Individuals

® Phocaeicola dorei
™ Bacteroides fragilis
® Bacteroides ovatus

' Phocaeicola spp.

¥ Bacteroides spp.
® Parabacteroides spp.
W Bacteroides caccae

® Other Genera

Non-healthy Individuals

® Phocacicola doret
® Bacteroides ovatus
% Bacteroides spp.

® Bacteroides caccae
W Bacteroides clarus

® Other Genera

Figure 4.1.2. Diversity of Bacteroides spp. in faecal samples of
healthy and non-healthy elderly individuals, according to the 16S
rRNA gene sequencing. “Other genera” include all isolates
identified that belong to the Enterobacteriaceae family.
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4.2. Antibiotic Susceptibility

Due to the high recovery of the Enterobacteriaceae isolates besides the supplementation
of the culture medium with colistin, the antibiotic susceptibility of several of those
isolates, namely the isolates S1 GBL1, S1 GBL2, MHA GCEL and MHA GEHL
(identified as E. coli) was determined. Regarding the Kirby-Bauer test, the four isolates
showed a resistant profile to the antibiotic clindamycin and a susceptible profile to
moxifloxacin and imipenem. The inhibition zones are indicated in Table S2, appendix 1.
The four E. coli isolates were able to grow at all colistin concentrations tested; 0.015
mg/L, 0.03 mg/L and 0.06 mg/L. However, they cannot be considered resistant since the
resistant profile is observed when the MIC value is equal to 2 mg/L (EUCAST, 2022).

4.3. Microbiome Analysis
4.3.1. Individual Profile

All faecal DNA samples from the enrolled old individuals were sequenced using the
Oxford Nanopore system and recorded by the MinKNOW software with further analysis
using the EPI2ME platform, allowing the establishment of each profile. Figure 4.3.1.

shows the percentages of the main phyla on each faecal sample.

The phyla Firmicutes, Bacteroidetes and Proteobacteria are observed in all samples, with
the Firmicutes percentage being the highest in all samples except one, MNB, in which
Bacteroidetes surpassed the phylum Firmicutes. The percentage of reads that belong to

the phylum Proteobacteria varied between the samples, ranging between 1% and 24%.
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Figure 4.3.1. The five
most abundant phyla
in the analysed faecal
samples of old adults
from Algarve region,
Portugal.
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The heat map (Figure 4.3.2.A, B) shows the relative genus and species abundance (%)
of classified reads on each faecal sample. Bacteroides and Oscillibacter were the two
genera with higher representation in all samples (Figure 4.3.2.A), contrarily,
Christensenella, Gracilibacter, Klebsiella, Sutterella and Veilonella had lower values in
most samples (Figure 4.3.2.A). At the species level, Oscillibacter valericigenes is present
in high values in all samples except MHB (Figure 4.3.2.B).

A

S1 MHA MHB MNA MNB FHA FHB FHC FHD FHF FNA FNB

Acidaminococcus
Alistipes
Bacteroides
Blautia
Christensenella
Clostridium
Dialister
Gracilibacter
Haemophilus
Klebsiella
Lachnoclostridium
Lactobacillus
Oscillibacter
Parabacteroides

Prevotella
Romboutsia

Roseburia
Streptococcus
Sutterella
Veilonella
Victivalis

44



MHA MHB MNA MNB FHA FHB FHC FHD FHF FNA FNB

Acidaminococcus intestini

Alistipes onderdonkii

Alistipes senegalensis

Anaerostipes hadrus

Bacteroides dorei (Phocaeicola dorei)

Bacteroides faecis

Bacteroides stercoris

Bacteroides uniformts

Bacteroides vulgatus (Phocaeicola vulgam:)
Chri: lla ili

Clostridium oceanicum

Clostridium perfringens
Clostridium saudiense
Dialister invisus
[Eubacterium] rectale
[Eubacterium] siraeum
Gracilibacter thermotolerans
129 P -
£ P par 7

Kineothrix alysoides

Klesbsiella pneumoniae
Lactobacillus mucosae
Lactobacillus ruminis
Oscillibacter valericigenes
Parabacteroides distasonis
Prevotella copri
Prevotella stercorea
Romboutsia timonensis
Roseburia intestinalis
Roseburia inulinivorans
Ruminococcus albus

Streptococcus salivarius

Victivalis vadensis -

Figure 4.3.2. A heat map shows A) the relative genus abundance (%) of classified reads, B) the
relative species abundance (%) of classified reads. The 21 most abundant taxa are shown. Range
of values goes from dark blue (lower values) to dark red (higher values). Species in parentheses
indicate the new classification (Garcia-Lépez et al., 2019).

4.3.2. Patterns within Age, Gender, and Health Status

We attempted to find faecal microbiome patterns between individuals of the same gender
and age. For this evaluation, data from 3 healthy females (FHA, FHD, FHF) with 71, 71
and 72 years of age, respectively, were compared. FHA sample possesses, at the phylum
level the highest percentage of Firmicutes, 83% followed by the sample FHF with 75%
and the sample FHD with 71 %. Regarding the phylum Bacteroidetes the sample FHF
showed the highest percentage reaching 23% followed by the sample FHD with 22%, and
the sample FHA showed the lowest percentage, 8%. In contrast, the third more abundant
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phylum, Proteobacteria was at the highest percentage in the sample FHA (8%) whereas
the samples FHD and FHF showed low percentages, namely 2 and 1%, respectively
(Figure 4.3.1.). Noteworthy, the phylum Lentisphaerae is present in the three samples,

although the percentage value is lower than 1% (but higher than 0.5%).

Regarding the most abundant genera and species, Prevotella copri and Oscillibacter
valericigenes are common to the three faecal samples. Dialister invisus is common to the
samples FHF and FHA (Figure 4.3.2.B).

Interesting, the non-healthy female with 70 years old (FNB) showed similar abundances
of Firmicutes, Bacteroidetes and Proteobacteria with the FHD and FHF samples (78%,
17%, 1%, respectively) (Figure 4.3.1.). However, members of the Lentisphaerae were
not observed in the FNB faecal sample, instead, Actinobacteria were noticed. This non-
healthy female showed high levels of Bacteroides and Prevotella in comparison with the
healthy ones (Figure 4.3.2.A).

4.3.3. Gender on Gut Microbiota Composition

Gender-related differences in gut microbiota composition have been reported over time.
Thus, the analysed faecal samples were grouped by gender and the microbiome patterns
based on phyla, genera and species in both genders were examined. Figure 4.3.3. shows
the percentages of the 5 most abundant phyla in male and female faecal samples and
Figure 4.3.4. and Figure 4.3.5. show the phylogenetic representation of the most
abundant genera and species, respectively.

The four most abundant phyla in both male and female groups were Firmicutes,
Bacteroidetes, Proteobacteria and Lentisphaerae. The fifth phylum most abundant in the
male gender was Fusobacteria whereas in females was the Tenericutes. Distinct
percentages of the phyla Firmicutes, Bacteroidetes, and Proteobacteria between male
and female gender were observed, namely the ratio Firmicutes/Bacteroidetes is very
different between the two genders; in males, the ratio is equal to 1, in contrast with the
female group that shows a ratio of 5 (Figure 4.3.3.). The phylum of Proteobacteria is
much higher in males reaching 17%, whereas in the female group the percentage is 4%
(Figure 4.3.3.).
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Male Individuals Female Individuals
4%

Firmicutes 15% Firmicutes
39% Bacteroidetes Bacteroidetes
® Proteobacteria ! ® Proteobacteria
® Lentisphaerae ® Lentisphaerae
43% ® Fusobacteria 81% Tenericutes

Figure 4.3.3. The five most abundant phyla in male and female faecal samples. Percentage

values less than 1% were not included in the analysis.

Regarding the identified genera males showed a higher abundance of the genus
Bacteroides, particularly Parabacteroides which was not detected in females (Figure
4.3.4. A, B). Several genera were only observed in males, namely Lachnoclostridium,
Clostridium, Acidaminococcus, Klebsiella and Sutterella (Figure 4.3.4.A). The female
group showed also unique genera, namely the genus Haemophilus, Ruminococcus and
Dialister (Figure 4.3.4.B).

The species of Bacteroides are much more diverse in the male group in comparison with
the female group (Figure 4.3.5. A, B), and Bacteroides vulgatus showed to be the more
abundant (Figure 4.3.5.A) The species O. valericigenes and P. copri were common in
both groups, but the abundance of P. copri was higher in the female group (Figure 4.3.5.
A, B). The species A. intestini, P. distasonis, and K. pneumoniae were only identified in
the male group, whereas H. parainfluenzae was only observed in the female group.
(Figure 4.3.5. A, B).
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Figure 4.3.4. Phylogenetic representation of the genera identified in A) male and B) female
faecal samples. Relative abundance is represented by the thickness of each branch. Minimum
abundance cut off 0.5%. Data obtained with the EPI2ME platform.
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Figure 4.3.5. Phylogenetic representation of the species identified in A) male and B) female
faecal samples. Relative abundance is represented by the thickness of each branch. Minimum
abundance cut off 0.5%. Data obtained with the EPI2ME platform.
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4.3.4. State of Health on Gut Microbiota Composition

As our primary objective was to profile the gut microbiota in healthy and non-healthy
older adults, the faecal samples were grouped according to their health status, 7 faecal
samples were allocated to healthy and 5 to non-healthy, and their intestinal microbiome
patterns related to bacterial phyla, genera, and species were examined.

The 5 most abundant phyla in each group are illustrated in Figure 4.3.6. Non-healthy old
individuals showed a ratio of Firmicutes/Bacteroidetes of 2, whereas for the healthy
group this ratio was 5. The non-healthy group also showed a higher percentage (12%) of
the phylum Proteobacteria, in comparison with the healthy group which showed 2%.
Verrucomicrobia was the fourth most abundant phylum in the non-healthy group,
whereas Lentisphaerae was the fourth most abundant phylum in the healthy group. The
two groups also showed a difference in the fifth most abundant phylum, namely in the
non-healthy was identified the phylum Lentisphaerae and in the healthy group was

identified the phylum Tenericutes.

Healthy Individuals Non-healthy Individuals
3%
12%
15% Firmicutes Firmicutes
Bacteroidetes Bacteroidetes
Proteobacteria Proteobacteria
R 29% 3
| [ent 5095 B Verricom l
Tenericutes B [entisphaerae

82%

Figure 4.3.6. The five most abundant phyla in healthy and non-healthy faecal samples.
Data provided by the EPI2ZME platform. Percentage values less than 1% were not
included in the analysis.

The analysis of the abundance of the bacterial genera identified in the non-healthy groups
showed that the members of the Bacteroides genus were more abundant reaching 79 743
cumulative reads followed by the genus Acidaminococcus and Oscillibacter with 22 427
and 19 885 cumulative reads, The genus Kineothrix of the Lachnospiraceae family and
the genus Klebsiella of the Enterobacteriaceae family were only observed in the non-
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healthy group reaching 3 593 and 3126 cumulative reads, respectively (Figure 4.3.7.A).
In the healthy group, the genus Prevotella showed to be the most abundant (43 111
cumulative reads), followed by the genus Oscillibacter (27 955 cumulative reads). The
genus Bacteroides and Dialister also reached a high number of reads (11 400 and 19 992
cumulative reads, respectively). The genus Lactobacillus and Streptococcus were only
enriched in the healthy group achieving 5 481 and 5 477 cumulative reads, respectively
(Figure 4.3.7.B).

At the species level, in the non-healthy group, B. vulgatus (P. vulgatus) reached the
highest cumulative reads (35 804) followed by A. intestini and O. valericigenes that
reached 22 274 and 19 555 cumulative reads, respectively (Figure 4.3.8.A). Bacteroides
faecis also reached a significant number of cumulative reads, 12 069. The unique species
in this group the K. alysoides and K. pneumoniae reached quite close cumulative reads, 3
593 and 2 888, respectively (Figure 4.3.8.A).

In the healthy elderly Prevotella copri was the most enriched species (39 007 cumulative
reads) followed by O. valericigenes with 27 317 cumulative reads. Dialister invisus was
the third and most abundant specie, reaching 19 971 cumulative reads (Figure 4.3.8.B).
The unique species in the healthy group, Ruminococcus albus and L. mucosae reached 5
679 and 4 478 cumulative reads, respectively. The other two unique species Roseburia
intestinalis and R. inulinivorans reached 3 716 and 3 172 cumulative reads, respectively
(Figure 4.3.8.B). Interestingly the common species in both groups, the O. valericigenes
was slightly higher in the healthy group (Figure 4.3.8. A, B).
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Figure 4.3.7. Phylogenetic representation of the genera identified in A) non-healthy and B)
healthy faecal samples. Relative abundance is represented by the thickness of each branch.
Minimum abundance cut off 0.5%. Data obtained with the EPI2ME platform.
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Figure 4.3.8. Phylogenetic representation of the species identified in A) non-healthy and B)
healthy faecal samples. Relative abundance is represented by the thickness of each branch.
Minimum abundance cut off 0.5%. Data obtained with the EPI2ZME platform.
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4.4. Representativeness of the Recovered Bacterial Isolates including Bacteroides

spp. from the Faecal Samples in the Microbiome

The results obtained from the isolation and identification of Bacteroides spp. from each
sample with their representativeness in the intestinal microbiome are summarized in
Table 4.4.1. Interesting several bacterial isolates were not identified in the microbiome
but it is assumed that they are included in their respective phylum, such as for
Proteobacteria or Enterobacteriaceae family, namely E. coli, Salmonella choleraesuis,
Providencia alcalifaciens and Shigella spp. Regarding the recovered isolates of the genus
Bacteroides is evident that even those with very low percentages in the microbiome were
possible to recover in culture, such as B. koreensis (0.002%) and B. ovatus (0.02 %)
(Table 4.4.1.).

Table 4.4.1. Cultured bacterial isolates from each faecal sample and their observed

percentages in the microbiome.

Sample Identified Isolate Microbiome (%)

Escherichia coli 0.002

S1 Bacteroides koreensis 0.002

Parabacteroides distasonis 0.27
MHA Escherichia coli *
Escherichia coli *

MHE Bacteroides fragilis 0.57

Dysgomonas spp. 0.14

Phocaeicola dorei 0.30

Escherichia coli 0.009

MNA Phocaeicola dorei 0.51

Bacteroides caccae 0.30

MINB Klebsiella pneumoniae 0.36
Salmonella choleraesuis *
Bacteroides spp. 2

FHA Bacteroides ovatus 0.06
Providencia alcalifaciens *
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Sample Identified Isolate Microbiome (%)
Parabacteroides spp. 0.21
FHB Bacteroides ovatus 0.02
Bacteroides caccae 0.09
FHC Moellerella wisconsensis *
FHD Shigella spp. *
FHF Shigella spp. *
FNA Bacteroides ovatus 0.05
Bacteroides clarus 0.19
FNB Phocaeicola dorei 1.3
Bacteroides spp. 12

*- bacterial species not identified in the microbiome. The percentage value of the identified isolate on the
microbiome was provided by the EPI2ME platform taking into account the total number of reads in the
sample and the number of reads for the identified species.
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5. Discussion

Ageing is a deteriorating and inevitable process that researchers around the world are
trying to understand and counteract. Several factors are already described as triggering a
typical ageing process, those triggered in each person, leading to the ageing of all systems
and organs (Di Micco, R. et al., 2021; Rossiello, F. et al., 2022; Schumacher, B. et al.,
2021). However, nowadays, the main objective is to achieve successful ageing, an ageing
process associated with minimal physiological and psychological impact. Thus, studying
the associative factors between disease patterns and ageing has become an important
approach to clarifying events that can be avoided by limiting pathological ageing. One of
the most recently identified aspects was associated with the gut microbiota (Kong, F. et
al., 2019; Kundu, P. et al., 2017). The gut microbiota as a homeostatic microbial
community is influenced by both the ageing process and disease, but its power to
influence the host is also being clarified, and as such, trying to understand its role in the
ageing process and disease could be a contribution to determine the path to successful

ageing.

Establishing what is understood as a “healthy” gut microbiota composition constitutes a
challenge. The gut microbiota is a volatile community influenced by intrinsic and
environmental factors resulting in a unique microbial group for each person, and that fact
tangles this establishment. Nevertheless, some general modulations seem to occur
alongside the ageing process in the gut microbiota. Usually, there is a decrease in
microbial diversity and an increase in the intestinal microbial abundance in the elderly in
comparison with adulthood (Bana, B. & Cabreiro, F., 2019).

The main phyla found in the adult gut microbiota do not differ much from the ones found
in the microbiota of old adults. Usually, major changes are observed in phyla proportions
and species diversity (Rinninella, E. et al., 2019). Most studies evidenced that the phyla
Firmicutes, Bacteroidetes, Actinobacteria, Verrucomicrobia and Tenericutes are the
main five phyla represented in adulthood (Rinninella, E. et al., 2019).

Despite the generalization, the majority of studies report differences between individuals
of both genders (Haro, C. et al., 2016; Valeri, F. & Endres, K., 2021; Yoon, K. & Kim,
N., 2021). Accordingly, in the current study, female and male faecal samples showed
different patterns at the phylum level. Both groups showed the four main phyla in

common, Firmicutes, Bacteroidetes, Proteobacteria and Lentisphaerae, however, the
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fifth main phylum in males was Fusobacteria while in the female group was Tenericutes.
The proportion of phyla was also different between the two gender groups. Namely, the
value of the Firmicutes/Bacteroidetes ratio is higher in the female samples. Regarding
Proteobacteria, the proportion was higher in the male group with 15% to 4%. Thus, in
the present study variations at the level of the presence of the different phylum between
genders in the elderly were not noticed, instead, variations at the abundance level of these
same phyla were observed. Such findings are in line with the ones reported by Valeri et
al., (2021).

At the genus level, there are three predominant genera common to both gender groups,
Prevotella, Oscillibacter, and Bacteroides, but the shared genera are in distinct amounts
in each group, Bacteroides genus is at higher levels in the male group, while the genus
Prevotella is at lower amounts in comparison with the female group. Although the
differences in the bacterial patterns were not observed between healthy and non-healthy
males, a more individual pattern was observed. In contrast with the current findings,
Takagi et al., (2019) reported higher levels of Prevotella in Japanese healthy elderly men.
The other most prevalent genera that were different between the two genders were the
genus Dialister and Haemophilus in females, while males showed the genus
Acidaminococcus and Parabacteroides. Regarding the species pattern, it is important to
highlight the diversity of Bacteroides species in the male group. In general, most of the
bacterial species were identified in both genders. Nevertheless, amounts in the total
compositions differ widely. O. valericigenes, the most abundant specie in the female
group, is only the fourth most abundant in the male group, in the opposite position is B.
vulgatus, which is the most abundant specie in the male group and its abundance is much
lower in the female group. Moreover, the male group presents species, such as
Bacteroides faecis, B. coprocola, B. dorei, Parabacteroides distasonis, Paraprevotella
clara, Acidaminococcus intestine and Klebsiella pneumoniae, none of them represented
in the female group. On the other hand, Haemophilus parainfluenzae and Dialister invisus
are species mostly present in the female samples. This data suggest that gender might
influence gut microbiota composition in elderly individuals. Despite the limited studies
involving gender differences in gut microbiota within older individuals the current results

provided in old adults are in accordance with the results reported in Yoon et al., (2021).

As several factors can influence the gut microbiota, searching for patterns within

individuals with the same age, gender and state of health might contribute to the
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understanding of the gut microbiota dynamics. In the present study, the bacterial patterns
in three healthy samples, all female participants with ages between 71 and 72 years, were
examined. At the phylum level, the three samples showed similar profiles, with two
samples (FHD and FHF) being more alike. Regarding genus and species, these two
samples showed higher diversity in comparison with the third sample (FHA). B. vulgatus
(P. vulgatus), P. copri, R. inulinivorans and O. valericigenes were the common species
in the three samples, however, their abundances vary between the samples. This revealed
a few parallels in the microbiota of individuals of the same age, gender, and state of
health, however, it is not possible to establish a pattern in these samples. Nevertheless,
the comparing of these healthy samples with another one, within the same age and gender,
but in the non-healthy group, the gut microbiota composition widely varies. This data
evidences that similar health status individuals can show different gut bacterial
compositions and proportions in their gut, reinforcing the idea that the gut microbiota is
unique to each person and can be affected by more than age, gender and health status (Al
Bander, Z. et al., 2020; Gupta, V. K. et al., 2017; Rinninella, E. et al., 2019).

Diverse patterns of disease are now associated with alterations in the gut microbiota
composition (Buford, T. W., 2017; Gemikonakli, G. et al., 2021; Leite, G. et al., 2021;
Nagpal, R. et al., 2018; Rinninella, E. et al., 2019). Thus, trying to understand which
microbial composition is associated with healthy and non-healthy individuals might be a

way of achieving an idea of a “healthy” microbiota.

Usually, gut microbiota profiles in older individuals showed a low
Firmicutes/Bacteroidetes ratio with a depletion in some genera like Bacteroides,
Lactobacillus and Bifidobacterium and high levels of the Escherichia coli strains (Kong,
F.etal., 2019; Leite, G. et al., 2021; Mariat, D. et al., 2009).

In the current study, individuals between ages 60 and 90 years of age showed high
proportions of Firmicutes, with all healthy samples showing values higher than 70%, and
3 of them with a value higher than 85%. Regarding the non-healthy individuals, S1
showed a value of Firmicutes of 86%, FNA and FNB showed values of 73% and 78%
respectively, and finally, MNA and MNB showed the lowest values, with 58% and 23%
respectively. MNB was the only sample in which Bacteroidetes proportion surpassed the
Firmicutes. This data however is not aligned with Kundu et al., (2017) who summarized
in their review that elderly patients usually possess a higher proportion of Bacteroidetes
when compared to Firmicutes. Accordingly, the non-healthy individuals are the ones with
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the lower Firmicutes/Bacteroidetes ratio, except S1, which values are similar to the

healthy samples.

In this study, the three main phyla represented in all samples were Firmicutes,
Bacteroidetes and Proteobacteria, in line with the work of Odamaki et al., (2016) and
Nagpal et al., (2018) that reported these three phyla as predominant in the elderly, with
Proteobacteria relative abundance increasing with age. Noteworthy, recent studies by
Wilmasnki et al., (2021) and Leite et al., (2021) demonstrated that the relative abundance
of the phylum Bacteroidetes tends to decrease in older individuals both in faecal and
duodenal microbiota. Moreover, all healthy samples showed the phylum Lentisphaerae
among the five main phyla except MHB. This phylum is also in the five main phyla in
two of the non-healthy samples (MNA and FNA). Three of the non-healthy samples

showed Actinobacteria in the five main phyla.

Overall, healthy individuals showed higher levels of Firmicutes and lower levels of
Bacteroidetes and Proteobacteria in comparison with the non-healthy group. Wu et al.,
(2021) and Du, Y et al., (2020) demonstrated, respectively, that Alzheimer’s, and
depression patients usually have a higher proportion of Bacteroidetes than healthy
controls, however, for other diseases is described the opposite, higher levels of
Bacteroidetes are observed in the patients that suffer from obesity, Parkinson’s, and
colorectal cancer (Liu, R. et al., 2017; Rinninella, E. et al., 2019; Unger, M. M. et al.,
2016). High levels of Proteobacteria were associated with colorectal cancer by Lu et al.,
(2017).

At the genus and species level, non-healthy samples displayed a higher diversity in
comparison with the healthy group, and the two groups showed very different profiles
with only three species in common, namely B. vulgatus, O. valericigenes and P. copri.
This data aligns with several studies in which the elderly revealed different gut microbiota
composition in comparison with healthy controls (Buford, T. W., 2017; Gemikonakli, G.
etal., 2021; Leite, G. etal., 2021; Nagpal, R. et al., 2018; Rinninella, E. et al., 2019). This
data is still controversial since in several studies, ill patients usually show lower diversity
in comparison with the healthy controls (Guan, Q., 2019; Liu, R. et al., 2017; Wu, S. et
al., 2021).

Bacteroides is a genus of high relevance in the intestinal tract. Some studies have revealed

alterations in this genus levels with ageing (Ghosh, T. S. et al., 2022; Li, Z. et al., 2018;
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Saji, N. et al., 2019; Yoshida, N. et al., 2018). In the current study, the identification of
the Bacteroides spp. and their respective counts in faecal samples of elderly, both with a
healthier status and a non-healthy status, was determined. The isolation of Bacteroides in
BVSA revealed a higher number of Bacteroides CFUs/g of faeces in the non-healthy
group, with a higher diversity of Bacteroides spp. in the healthy group. Moreover, the
microbiome analysis also revealed a higher level of the genus Bacteroides in the non-
healthy group, however, the group that showed higher diversity was the non-healthy.

Noteworthy, all isolates identified by the culture-dependent method, when confronted
with the culture-independent method results, were in small amounts or not present at all.
These might be explained by the fact that not all sequences per sample were classified
with the EPI2ME software, out of a total of 1078743 reads, 14586 (around 1%) were not
classified. Moreover, E coli representation is not elevated when looking into the
microbiome analysis, but the E. coli isolates were 29% of the total number of isolates
recovered. These data are unaligned with that reported by Kong et al., (2019) who
demonstrated high quantities of E. coli in the elderly using the microbiome data of a long-
living Chinese cohort. These isolates revealed multi-resistance to antibiotics, specifically
clindamycin and colistin, which is in line with some works that showed that bacteria from
the gut usually possess resistance to antimicrobials (Lamberte, L. E. & van Schaik, W.,
2022; Tavella, T. et al., 2021).
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6. Conclusions

In this study, the bacteriome analysis of twelve faecal samples of old adults was
performed using an Oxford Nanopore device and a culture-dependent approach was used
to evaluate the culturable Bacteroides spp. Seven old adults showed a healthy status and
five were included in the non-healthy group.

Regarding the individual pattern for the main phyla, it was observed that the three main
phyla included Firmicutes, Bacteroidetes and Proteobacteria. The phylum Firmicutes
dominated in all samples, except one for which the phylum Bacteroidetes prevailed. The
results evidenced that O. valericigenes was the bacterial specie most abundant across all

samples.

The phylum Proteobacteria was more abundant in male samples. Regarding the bacterial
species according to gender, it was observed that A. intestini, P. distasonis, and K.
pneumoniae were only identified in the male group, whereas H. parainfluenzae and D.

invisus were only observed in the female group.

Concerning the health status of the participants involved in the current study, the results
evidenced that the fourth and fifth most abundant phyla were slightly different between
these two groups, namely, in the non-healthy group the fourth phylum was
Verrucomicrobia and the fifth was Lentisphaerae, in contrast in the healthy group the
fourth most abundant phylum was Lentisphaerae and the fifth was Tenericutes.
Regarding bacterial species, it was observed that B. vulgatus (P. vulgatus) was more

abundant in the non-healthy group, whereas P. copri was more abundant in the healthy
group.

The results of the culture-dependent approach to analyse the culturable Bacteroides spp.
population evidenced that even those species with very low percentages in the

microbiome were recovered in culture, such as B. koreensis and B. ovatus.

Interesting the culture-dependent approach also allowed us to observe that some species
of the phylum Proteobacteria and Enterobacteriaceae family, which were recovered in
culture were not identified in the microbiome analysis. Such finding suggests that the

accuracy of the reads was not sufficient to correctly identify the species.

This study was performed as a preliminary approach to the project “ALgarve Fit Aging

Score (ALFA Score): a new integrated tool to improve quality of life and healthy ageing,
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therefore the number of samples is limited which restrains the current analysis.
Nevertheless, it was possible to observe the main differences in intestinal bacteriome of
the enrolled old adults, which is promising for the project in order to obtain a gut

microbiome profile of elderly from the Algarve region.

7. Future Perspectives

The advance in sequencing techniques and technologies allows more and more data to be
processed. The utilization of new metagenomic methods for microbiota research have
been resulting in a large amount of data. However, finding a line of causation between
gut microbiota composition and state of health remains a challenge. More studies are
needed, especially long-term studies that allow monitoring the fluctuations in the

microbial community in certain life stages.

Following the project with the appropriate number of samples the required parameters,

such as the a and B- diversity in each group will be determined.

Another approach that will improve the knowledge about the impact of the gut microbiota
on the ageing process is the examination of the intestinal metabolome. For this, in future
work, the tracing of the metabolic profile of each sample will be crucial to properly

evaluate the functionality of the intestinal microbiome.
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Appendix 1

Table Al. Similarity scores obtained with NCBI and RDP databases for the identification of
each isolate.

Isolate NCBI RDP
a Percent Identity c
o, b
Query Cover (%) (%) S _ab score
99 99.51 0.973
99 99.51 0.973
S1 GBLI

(Escherichia coli) 29 99.31 0.973
99 99.51 0.973
99 99.51 0.973
98 99.9 0.99
S1 GBL2 98 99.8 0.987
(Escherichia 98 99.8 0.987
fergusonii) 98 99.8 0.987
98 99.8 0.986
99 100 0.999
S1 GYRI 99 100 0.999
(Bacteroides 99 100 0.999
koreensis) 99 100 0.999
99 100 0.999
99 99.63 0.979
S1 MYRI 99 99.5 0.978
(Parabacteroides 99 99.5 0.978
distasonis) 99 99.5 0.978
99 99.5 0.978
99 98.94 0.944
zz 5 05

(Escherichia coli) ' ’
99 98.94 0.941
99 98.94 0.94
100 97.15 0.873
100 97.15 0.872
(Escﬁér?ci}{alcol i) 100 o715 0.872
100 97.15 0.872
100 97.15 0.872
96 98.43 0.864
96 98.43 0.863

MHA GEHL

(Escherichia coli) 26 98.43 0.862
97 98.35 0.861
96 98.26 0.861
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Isolate NCBI RDP
a Percent Identity c
[} b
Query Cover (%) (%) S _ab score

98 96.61 0.957

MHA GCEL 98 96.61 0.954
(Escherichia coli) 98 96.61 0.953
99 96.41 0.953

98 96.41 0.952

99 99.82 0.984

99 99.81 0.984

MHB GCL

(Escherichia coli) 29 99.81 0.983
99 99.81 0.982

99 99.81 0.982

99 100 0.997

MHB PEBI1 99 100 0.997
(Dysgonomonas 99 100 0.997
spp.) 99 100 0.997

99 100 0.997

100 99.78 0.987

MHB PEB2 100 99.78 0.987
(Bacteroides fragilis) 100 99.78 0.987
100 99.78 0.985

100 99.78 0.985

100 99.65 0.98

MLB PEB4 100 99.65 0.98

: } 100 99.65 0.98
(Phocaceicola dorei) 100 99 65 0.98
100 99.65 0.98

94 98 0.878

94 97.99 0.878

MHB MEB3

. 94 97.99 0.878
(Phocaeicola spp.) 04 9799 0.878
94 97.99 0.878

100 99.89 0.994

MNA MCLI 100 99.89 0.989
(Escherichia coli) 100 99.89 0.988
100 99.89 0.987

100 99.89 0.987

100 99.35 0.976

MNA MCL?2 100 99.35 0.972
(Shigella flexneri) 100 99.35 0.97
100 99.35 0.969

100 99.35 0.969
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Isolate NCBI RDP
Query Cover (%)?* Percel(l(;)I)(]loentlty S _ab score®

99 99,8 0,989
MNA PEBI 99 99,8 0,987
(Escherichia spp.) 99 99.8 0,987
98 100 0,987
98 99,9 0,987
100 99.37 0.97
o e " n o
(Phocaeicola dorei) 100 99 37 0.966
100 99.37 0.966
100 99.22 0.965
100 99.08 0.961

MNA MEB3
. 100 99.08 0.961
(Bacteroides caccae) 100 99 08 0.958
100 99.08 0.958
100 99.89 0.991
MNB GEL 100 99.77 0.991
(Klebsiella 100 99.77 0.991
pneumoniae) 100 99.77 0.991
100 99.77 0.991
99 97.04 0911
FHA HEHP1 99 97.04 0911
. 91 99.6 0911
(Bacteroides spp.) 91 99 6 0911
91 99.6 0911
100 99.87 0.993
FHA HEHC?2 100 99.87 0.993
. 100 99.87 0.993
(Bacteroides ovatus) 100 99 87 0.993
100 99.87 0.993
100 98.22 0.926
FHB2 100 98.22 0.925
(Parabacteroides 100 98.06 0.915
spp.) 100 98.06 0915
100 98.06 0913
94 97.35 0.807
94 97.35 0.807

FHB5

(Bacteroides ovatus) o4 97.35 0.807
94 97.35 0.807
94 97.35 0.805
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Isolate NCBI RDP
a Percent Identity c
° b
Query Cover (%) %) S_ab score
100 100 1
FHB6 100 100 1
(Bacteroides caccae) 100 100 1
100 100 1
100 100 1
100 92.14 0.708
FHD PEB3 100 92.14 0.708
(Phocaeicola spp.) 90 94.7 0.695
PP 100 91.92 0.695
100 91.92 0.695
100 99.34 0.963
100 99.34 0.963
(BactF}ﬂ\LélGEL tus) 100 99.34 0.961
eroides ovatus 100 9924 o
100 99.34 0.961
79 99.05 0.8
FNB PEB4 79 99.05 0.791
(Bacteroides clarus) L 98.81 0.781
79 98.81 0.781
79 98.57 0.779
98 99.61 0.967
FNB MEB4 98 99.61 0.966
(Phocaeicola dorei) 98 99.61 0.966
98 99.61 0.966
98 99.61 0.964
65 91.19 0.439
65 91.19 0.43
(BFI\iBrM; BI:I ) 65 91.19 0.424
acteroides spp. 65 o119 o
65 90.83 0.421

2Query Cover - the percentage of the query sequence (your specimen) that overlaps the reference sequence.

b Percent Identity - a number that describes how similar the query sequence is to the target sequence (how many
characters in each sequence are identical).

¢S ab score - the number of (unique) 7-base oligomers shared between your sequence and a given RDP sequence
divided by the lowest number of unique oligos in either of the two sequences.
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Table A2. Inhibition zone diameters for each tested bacterial isolate by Kirby-Bauer test.

Isolate Replicates CD (mm) MXF (mm) | IMI (mm)
Al 0 28 25
i EEILL A2 0 30 25
Bl 0 30 26
B2 0 31 25
Al 0 28 26
i EELe A2 0 26 24
B1 0 26 23
B2 0 26 25
Al 0 29 27
MHA GCEL A2 0 30 28
Bl 0 30 28
B2 0 28.5 25
Al 0 27 25
MHA GEHL A2 0 ! 14
Bl 0 27 23
B2 0 29 27
Isolate Mean * Standard Deviation
CD MXF IMI
S1 GBL1 0 29.8+1.3 25.3+0.5
S1 GBL2 0 265+1.0 245+1.3
MHA GCEL 0 29.4+0.8 270+ 14
MHA GEHL 0 225+104 223 +57

Replicates A and B — biological replicas. Replicates 1 and 2 — technical replicas. The mean value of the double
replicates inhibition zones was used establish the breakpoints according to EUCAST (2022).
CD - clindamycin. MXF — moxifloxacin. IMI — imipenem.
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Figure Al. Phylogenetic representation of the genera (A) and species (B) found in
all samples. Relative abundance is represented by the thickness of each branch. Data

collected with the EPI2ME software.
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Figure Al. (continued)
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Figure Al. (continued)

80



MNA

root

Lineage
Taxa - Not Classified
@ Taxa - Classitied

® Bacteroides

® Parabacteroides

@ Prevotella

@ Citrobacter

® Klebsiclla ® Alistipes

® Desulfovibrio

® Roseburia
@ ® Kineothrix
® Blautia
* ® Oscillibacter

® Ruminococcus

® Christensenella

® Clostridium

Hungateiclostridium

Ruminiclostridium
® Victivallis

® Akkermansia

A

root

Lineage
Taxa - Not Classified
® Taxa - Classificd

#® Bacteroides uniformis
# Bacteroides vulgatus
® Bacteroides dorel

® Parabacteroides distasonis

® Prevotella copri

Prevotella stercorea

® Citrobacter murliniae
® Klebsiella pneumoniae
® Desulfovibrio piger

® Roseburia faecis

@ Roseburia hominis

® Kinecthrix alysoides

® Oscillibacter valericigenes
® Ruminococcus albus

® Christensenella massiliensis
® Victivallis vadensis

® Akkermansia muciniphila B

Figure Al. (continued)
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Figure Al. (continued)
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Figure Al. (continued)
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Figure Al. (continued)
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Figure Al. (continued)
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