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Abstract

In recent decades, the study of the gut microbiota has gained attention as a crucial element
in human health and the onset of diseases. Technological advancements, such as high-
throughput sequencing, have enabled a deeper study of intestinal microbiota composition
and functions. Among the environmental factors modulating the gut microbial
configuration, the impact of nutrients is of particular significance. Nonetheless, research
on dietary lipids, particularly omega-3 fatty acids, remains underexplored. This study
aimed to contribute to the metagenomic analysis of the 16 subunit of the ribosomal RNA
gene in faecal samples. A nutritional intervention was carried out focused on fish
consumption rich in omega-3. Successful DNA extraction from faecal samples yielded
notable, with defined genomic DNA bands in the gel electrophoresis and an adequate
concentration. Polymerase chain reactions, essential for library preparation, revealed
distinct products in the gel electrophoresis, confirming the successful amplification of the
V3-V4 16 ribosomal RNA region with proper adapter addition for DNA sequencing.
Comprehensive quality control assessment of sequenced samples confirmed the
effectiveness of the refined laboratory procedures. The steps undertaken in this project
were critical for subsequent bioinformatics and biostatistics analyses, providing insights
into the impact of omega-3-rich fish consumption on the relative abundance and diversity
of studied microbial taxa. Integrating metagenomics analysis with other omics and non-
omics disciplines, alongside standardising methods across different laboratories, will pave
the way for the future application and democratisation of precision nutrition to enhance
overall wellbeing.



Popular scientific summary

The human body harbours, approximately, a hundred trillion microbes, populating the
entire human body. Among those microorganisms, there is a diversity of bacteria, viruses,
archaea, and unicellular eukaryotes. The highest number of microbes live in the
gastrointestinal (GI) tract, forming a complex community known as the gut microbiota
(GM). Within the microbiota, the most abundant kingdom is bacteria.

GM is referred to as the second genome of the human body. In fact, it comprises nearly 100
times more genes than the human genome. It plays a pivotal role in a large number of
biological processes, such as metabolism, defence against pathogens, and sending signals
to immune cells for proper host physiology and immunity. Variations in the composition
or function of these communities are associated with several diseases. Recent studies
show that GM establishes a strong connection with other organs, therefore, it not only has
intestinal roles but also has crucial extra-intestinal functions. Alterations in the gut
microbial community not merely have a GI impact but also affect other organs.
Nonetheless, the precise mechanisms underlying the interaction between the gut and
these organs remain partly understood.

The human GM begins to develop in early life, with maturation usually achieved by the age
of two to three years. The diversity of intestinal microbiota relies on several host factors,
encompassing diet, human lifestyle, age, and environmental factors. Diet stands out as the
most powerful factor for the modulation of GM composition. Due to the fact that diet is a
key modifiable factor, nutritional interventions may serve as potential prevention and
therapeutic strategies to manipulate microbial configuration. This study focused on the
impacts of omega-3 fatty acids, which are a type of polyunsaturated fatty acids (PUFAs)
and play crucial roles in human physiology.

Technological advancements enable the availability of a wide array of methods for
microbiome analysis. Faecal samples are commonly employed to identify and determine
the diversity of bacterial communities within the GI tract. This process involves the
extraction of bacterial DNA from stool samples and performing a targeted Next Generation
Sequencing (NGS) of a specific gene. This revolutionary technology, also known as high-
throughput sequencing, allows to accurately decipher the sequence of large amounts of
nucleic acids in parallel. It is a metagenomic analysis, which refers to the study of genetic
material, in this case present in faecal samples and belonging to bacterial DNA mixture.
Strictly speaking, “metagenomics” is the analysis of the whole genome of all organisms
within a sample. However, the taxonomic makeup of bacteria within microbiome samples
can be studied by sequencing a section of the 16S ribosomal RNA (rRNA). This is
sometimes referred to as 16S metagenomics, or metataxonomics. This approach allows
researchers to identify the metataxonomy of the GM, which involves the categorisation of
different microbes present in the faecal sample based on their genetic varieties.

The Food and Health team at AZTI Scientific and Technological Centre, is specialised in
studying the impact of nutritional habits on human health. For this purpose, a wide range
of analyses are conducted for the monitorisation of specific nutritional interventions,
including lipidomic study of erythrocyte membrane fatty acids and metabolic profiling by
gas chromatography-mass spectrometry (GC-MS) analysis. In the last five years, AZTI has
implemented the innovative field of human GM research in precision nutrition. This study
focuses on the procedure of metataxonomic analysis of the diverse bacterial populations
in the gut, which will lead to the in-depth study of the relationship between GI health,
dietary patterns, and microbial composition. AZTI’s strategy aims to enhance health and
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wellbeing by providing personalised dietary guidance that considers various
individualised data, including microbial composition, lifestyle factors, and biomarkers.
This forward-looking approach of precision nutrition utilises comprehensive
individualised data and cutting-edge technologies to tailor targeted nutritional strategies.

Abbreviations
Abbreviation Definition
Al Artificial Intelligence
ALA a-linolenic acid
DHA docosahexaenoic acid
EPA Eicosapentaenoic acid
GC-MS Gas chromatography-mass spectrometry
GI Gastrointestinal
GM Gut microbiota
IBS Irritable bowel syndrome
LPS Lipopolysaccharide
MD Mediterranean diet
NGS Next Generation Sequencing
NTC Non-template control
00 Olive oil
PCR Polymerase chain reaction
PUFA Polyunsaturated fatty acid
rRNA Ribosomal RNA

SCFA Short-chain fatty acid
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Introduction
Composition of the human gut microbiota

The human GI tract harbours a rich and diverse microbial community, comprising over
100 trillion microorganisms. The density of bacterial cells in the colon has been calculated
to be between 101! and 1012 per millilitre, making it one of the most densely populated
microbial environments on Earth (Ley etal., 2006). What is more, the genetic information
provided by the human microbiota exceeds that of the entire human genome by more than
150-fold (Grice & Segre, 2012).

GM comprises several types of microorganisms inhabiting the GI tract, including bacteria,
archaea, yeast, and viruses. The host and its resident microorganisms can be categorised
as a "superorganism", having a close symbiotic relationship, and collectively carrying out
immune and metabolic functions (Qin et al, 2010). Also, considering the
interconnectedness and co-evolutionary dynamics between the host and its microbiota,
the concept of the "holobiont" emerged, which was originally introduced in 1991 by Lynn
Margulis and referred to a simple biological entity involving a host and a single inherited
symbiont (Margulis & Fester, 1991).

The dominant gut microbial phyla are Firmicutes and Bacteroidetes, representing more
than 90% of the total community. However, the exact proportion can vary among
individuals depending on factors such as diet, age, health status, and geographical location.
Additional phyla are also present, including Actinobacteria, Proteobacteria, Fusobacteria,
and Verrucomicrobia (Rinninella et al., 2019). Firmicutes/ratio changes across different
life stages. On average, according to a study by Mariat et al, 2009, ratios for infants, adults,
and elderly individuals are 0.4, 10.9, and 0.6, respectively.

Functions

GM plays a crucial role in human health and physiology. It facilitates the fermentation of
dietary fibres and complex carbohydrates and produces short-chain fatty acids (SCFAs),
such as acetate, propionate, and butyrate, which are volatile metabolites used as an energy
source by colonocytes and key molecules for reducing inflammation (Hsu et al,, 2015).
Other bioactive compounds as vitamins and amino acids are also produced by bacteria
during the fermentation process, which possess antioxidant and anti-inflammatory
properties (Rowland et al.,, 2018).

Moreover, gut bacteria prevent pathogen colonisation by maintaining the intestinal
epithelium integrity and competing with pathogenic bacteria for nutrients (Khosravi &
Mazmanian, 2013), and contribute to the development of the immune system as well as
the homeostasis of innate and adaptive immune cells (Brestoff & Artis, 2013).

Development and alterations of gut microbiota

The human GM is developed in early life (4-36 months) and its maturation mainly depends
on infant transitions, age, and environmental factors, such as dietary habits and antibiotic
use. Infant transitions include, for instance, gestational age at birth, type of delivery
(vaginal delivery or caesarean section), methods of milk feeding (breastfeeding or formula
milk), and weaning period. A relative stability in GM composition is reached when the child
is 2-3 years old (Jeong, 2022).

While the functions of GM remain largely consistent across individuals, the specific
combination of gut bacterial species in each human is distinct and it is influenced by both
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inter-individual and intra-individual variations throughout human life. These
considerable variations make it difficult to establish a specific microbial composition of a
healthy human intestinal microbiota (Carding et al., 2015).

Intrinsic factors, such as sex, ethnicity, and age directly affect the microbiota composition.
Besides, exposure to a variety of environmental factors that are linked to modern lifestyle,
including some nutrients, drugs, and pathogens, can modulate the composition of the gut
microbiome (Aggarwal et al., 2023). These alterations are defined as dysbiosis and can
result in the appearance of intestinal and extra-intestinal disorders (Carding et al., 2015).

Among the pathological conditions linked to gut dysbiosis, GI disorders like diarrhoea and
irritable bowel syndrome (IBS) are common. It has been found that GM alterations have
an effect on immune-related disorders, such as allergies, along with the implication on the
central nervous system, contributing to Parkinson’s and Alzheimer’s diseases (Afzaal et
al.,, 2022).

In addition, metabolic disorders, such as type 2 diabetes and obesity are linked to
dysbiosis. In fact, imbalance of gut microbial populations is associated with obesity, with
intrinsic and environmental factors playing an important role. Figure 1 presents the most
important factors influencing alterations in the intestinal microbiota in obesity-related
cancers. Some of the risks to develop one of these cancers include the rise in the intake of
hypercaloric and nutritionally poor foods and sedentarism (Almanza-Aguilera et al,,
2023). These factors frequently coexist, among others, with emotional distress, hormonal
fluctuations, and inadequate sleep patterns, and can be intensified by genetic
predispositions (Lin & Li, 2021).

As shown in Figure 1, in individuals with obesity, the composition of the microbiota is
generally characterised by a higher Firmicutes/Bacteroidetes ratio in comparison to non-
obese individuals (Almanza-Aguilera et al, 2023). These alterations, as well as the
presence of specific oncobacteria such as Helicobacter pylori, can contribute to tumour
development in many cases (Lee, 2021). Proteobacteria and Fusobacteria are also
increased in obesity, leading to low-grade inflammation (Crovesy et al., 2020). Conversely,
the phylum Verrucomicrobia tends to be reduced in obese subjects. Increased levels of
lipopolysaccharides (LPS) in the blood, often observed in individuals with obesity, can
lead to endotoxemia and systemic inflammation (Di Pierro, 2021). Additionally, in the
microbiota-host relationship, bacteria metabolise compounds from the diet, host cells, and
other microorganisms, while also producing vital molecules like vitamins B and K.
However, dysbiosis disrupts this metabolic function (Postler & Ghosh, 2017).

Within this framework, certain dietary patterns, such as the Mediterranean diet (MD) and
olive oil (O0) consumption, have been shown to correlate with an eubiotic microbiota
composition, reducing the risk of obesity. As reviewed by Food and Health research team
at AZTI and Bellvitge Biomedical Research Institute (IDIBELL, Barcelona, Spain),
modulating the microbiota through MD and OO may thus be promising for preventing and
treating obesity-related cancers (Almanza-Aguilera et al., 2023).
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Figure 1. Relationship between intrinsic (inner body) and environmental factors (diet and lifestyle)
and GM dysbiosis, leading to obesity and obesity-related cancers. There is a negative correlation
between MD and OO consumption, and obesity-related cancers. In contrast, MD and OO intake are
associated with GM eubiosis (Almanza-Aguilera et al., 2023).

Given the association between GM dysbiosis and certain health disorders, compositional
alterations might be promising future biomarkers for specific diseases. Nonetheless, it is
of huge importance to consider that it is still not clear whether those changes in the
taxonomy of GM are a cause or a consequence of a specific disorder (Briissow, 2020).

Techniques for the study of gut microbiota

GM is mainly dominated by strict anaerobic bacteria. Because of their sensitivity to oxygen,
only a few species can be cultured (Davenport Huyer & Radisic, 2021). Recently,
innovative culture-independent technologies have arisen, allowing researchers to identify
and taxonomically characterise GM. This is achieved by analysing nucleic acids (DNA and
RNA) directly extracted from biopsy or faecal samples (Hiergeist et al., 2015). Biopsies
offer a targeted investigation of the microbiome at a specific site, while stool sampling is
notably less invasive (Vital et al., 2018).

Within the area of omics, the extracted bacterial nucleic acids from GM can be the subject
of, among others, metagenomic, metatranscriptomic, and metabolomic investigation
(Alvarez-Calatayud & Guarner, 2022). Two primary approaches are used in
metagenomics: shotgun metagenomics and metagenomic analysis of the 16S rRNA gene.
In shotgun sequencing, the entire genomic content of a sample is sequenced, offering a
comprehensive view of the microbial diversity and their functional genes.
Metataxonomics, also referred to as metagenomic analysis of 16S rRNA, is primarily based
on the targeted amplification and sequencing of 16S rRNA. This approach targets a gene
encoding a ribosomal subunit found in bacterial species, for their identification and
taxonomic classification. 16S rRNA sequencing, though less comprehensive than shotgun
metagenomics, is cost-effective and computationally simpler (Usyk et al., 2023).



The 16S rRNA gene exhibits a high degree of conservation among bacteria. This conserved
region is used for the design of primers that specifically bind to the gene for its
amplification, and it is interspersed with hypervariable and species-specific regions that
range from V1 to V9 (Clarridge III, 2004) (see Figure 2). V3-V4 region is the most
commonly targeted by researchers in the area of nutrition and facilitates the taxonomical
classification of bacteria present in human GM samples, such as faeces (Sirichoat et al,,
2021).
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Figure 2. Bacterial 16S rRNA gene is part of the 30S ribosomal subunit and is composed of both
conserved (white) and hypervariable (grey) regions. While the conserved region serves for
universal amplification of the 16S rRNA gene, sequencing the hypervariable regions, in this case,
V3-V4 region, enables discrimination between specific species of microorganisms (image retrieved
from Fukuda et al, 2016).

Impact of diet on microbiota and precision nutrition

As shown by various recent studies, environmental factors can have a huge impact on the
composition of GM, with diet emerging as a notable example of such influences. In fact, it
has been proven that switching to a high-fat diet leads to an increase in the proportion of
the phyla Firmicutes and Proteobacteria and a decrease in Bacteroidetes (Hildebrandt et
al,, 2009). Furthermore, non-urbanized communities that mainly consume raw foods have
shown a higher gut microbial diversity in comparison to urban populations whose diet
consists of processed agricultural products (Schnorr et al.,, 2014).

In this context, there is a growing interest in targeting the microbiota with nutritional
intervention, either for the enhancement of overall health or for the treatment of certain
disorders directly related to microbiota dysbiosis previously mentioned, for instance, IBS,
obesity, or allergies. However, research on how specific diets impact each individual
remains limited, as current nutritional recommendations are based on general
observations regardless of person-specific physiological characteristics and responses to
particular foods (Leshem et al., 2020). Thus, the emerging therapeutic approach of
personalised nutrition is becoming popular among researchers. Technological advances
in a plethora of fields, such as genetics, epigenetics, microbiology, and metabolomics, have
enabled individual-level data collection and assessment for tailored nutritional advice,
also making use of DNA sequencing and bioinformatics tools (Ordovas et al., 2018).

For precision nutrition, not only the intestinal microbiome is examined, but there are also
additional cutting-edge procedures to test various biomarkers, including glycemic
response (Zeevi et al,, 2015), metabolomic profiling, such as SCFAs in faeces or red blood
cell membrane fatty acids analysis (Marrugat et al,, 2024), and even lifestyle surveys.
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Integrating those assessments and using computational tools allows the development of
tailored dietary recommendations for health improvement.

Nutritional interventions aim to remodel host-microbiota interactions through the
incorporation of supplements in the diet, which are recommended according to the
specific requirements of each individual. Probiotics and prebiotics, and their combination,
called synbiotics are particularly remarkable due to their impact on a healthy gut,
supporting digestion, regulating immune response and inflammation, and offering further
advantages such as enhancements to mental health. Probiotics are living microorganisms
that provide health benefits when consumed in an adequate dose, whereas prebiotics are
defined as non-digestible fibres that serve as nutrients for gut bacteria (Alvarez-Calatayud
& Guarner, 2022). More recently, postbiotics have also gained attention in the field of
nutrition, a term that has been defined by the International Scientific Association of
Probiotics and Prebiotics (ISAPP) as “a preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host” (Salminen et al,, 2021).

State-of-the-art

Over the past decade, research on the gut microbiome has reshaped our understanding of
human health and metabolism. What once was exclusively a subject of scientific study has
transformed into a promising arena for intervention. This developing discipline offers
potential for personalised diagnostic evaluations, preventive strategies, and therapeutic
interventions (Lizcano et al., 2016).

In recent years, there has been a development in the ability to measure the impact of diet
by examining multiple factors, being metataxonomic analysis of GM the main axis of this
investigation. However, although there is a wealth of literature on the effects of
carbohydrates, the understanding of the influence of dietary fats, such as omega-3 fatty
acids, remains limited. Among the relatively small number of studies, Noriega et al, 2016
demonstrated that daily omega-3 supplementation for two weeks led to an increase in the
Firmicutes phylum, accompanied by decreases in Bacteroidetes and Actinobacteria.
Similarly, Watson et al, 2018 investigated the effects of DHA/EPA supplementation over
eight weeks. Although no significant differences were noted in the
Firmicutes/Bacteroidetes ratio, notable changes were observed at the family and genus
levels. Specifically, there were elevations in the Clostridiaceae, Sutterellaceae, and
Akkermansiaceae families, and an increase in the Bifidobacterium and Oscillospira genera,
alongside reductions in Coprococcus and Faecalibacterium.

Omega-3 fatty acids, a type of PUFAs, are distinguished by multiple double bonds located
three carbon atoms away from the methyl end. They play essential roles in combating
inflammation, reducing the risk of cardiovascular disease, and maintaining brain health
and cognitive function, among other health benefits (Das, 2006). Eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) are the two main bioactive forms of omega-3
PUFAs in humans and, even though they can be synthesised from the essential a-linolenic
acid (ALA), the conversion rate is low in humans. Therefore, it is highly advisable to
consume food rich in EPA and DHA (Costantini et al., 2017), such as fatty fish, e.g., salmon,
mackerel, sardines, and algae.

The analysis of human GM allows to assess human faecal samples before and after dietary
interventions (Valdes et al., 2018). Other sample collection methods, such as biopsy,
provide a site-specific microbiome study, whereas stool sampling encompasses
substantially lower invasiveness, and participants can comfortably collect samples at
home (Vital et al,, 2018). What is more, the implementation of the stool preservative
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solution allows samples to be transported to the laboratory without requiring immediate
freezing. This solution not only prevents the degradation of nucleic acids but also inhibits
the growth of bacteria as well as fungi, while also deactivating viruses.

There is an increasing interest in utilising nutritional interventions to target the
microbiota, whether to improve overall health or to address specific intestinal and
extraintestinal disorders associated with microbiota imbalance. However, occasionally,
when chronic patients finally seek treatment, their conditions have already undergone
considerable advancement, presenting significant challenges to achieving favourable
results. Therefore, the state-of-the-art gut microbiome approaches aim to contribute to
the early diagnosis of microbiome dysbiosis with a preventive perspective (Amitay et al.,
2018).

Microbiomics research applied to precision nutrition considering a personalised approach
based on individual characteristics, has exhibited the potential to directly understand and
impact on the intestinal microbiome. Longitudinal studies are crucial, monitoring the
effect of dietary interventions on the composition of GM (Nogal et al., 2021).

Aim and objectives

This project aimed to contribute to the metagenomic analysis of 16S rRNA in human GM,
as part of a nutritional intervention focused on consuming omega-3-rich fish.

For that purpose, the following research objectives were established:

1. To review the state-of-the-art of metataxonomy of human GM applied to precision
nutrition.

2. To develop skills in the procedure of the metagenomic analysis of 16S rRNA. This
was achieved through DNA extraction from faecal samples, library preparation for
[llumina NGS, and quality control analysis of the sequenced samples.

3. Tounderstand and interpret the obtained results.

Metagenomic analysis of the 16S rRNA provided insights into studying human gut
microbial composition and assessing the effects of the nutritional intervention. This study
paved the way to carry out in-depth bioinformatics and biostatistics analyses to obtain
detailed metataxonomic results and integrate them into various omics data. The ultimate
future goal is to apply precise nutrition to influence the intestinal microbiome, thereby
enhancing health and making this approach affordable for the general population.

Materials and methods

Several experimental steps need to be followed in the metagenomic analysis of 16S rRNA
in human GM. The procedure is divided into five crucial stages specified in Figure 3. This
study was focused on the metagenomic analysis of 16S rRNA4, including DNA extraction
from faecal samples, library preparation for Illumina NGS and quality control analysis of
the sequenced samples (purple part in Figure 3).

Prior to the laboratory techniques carried out in this project, researchers in Food and
Health research team at AZTI Scientific and Technological Centre were responsible for
recruiting participants for a specific nutritional intervention based on fish consumption.
Additionally, AZTI members were in charge of storing faecal samples collected by the
participants, along with gathering other sample types, such as blood. Moreover, in-depth
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bioinformatics and biostatistics analyses will be undertaken by AZTI researchers to
understand the results and to generate a detailed report showcasing the metataxonomic
analysis. The ultimate goal is to provide personalised dietary guidance to the participants
and make it affordable to the general population.
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Figure 3. Steps, in chronological order, for the metagenomic analysis of 16S rRNA in human faecal
samples (images retrieved from Haange et al, 2021 and Ray et al, 2020). The purple part on the
arrow represents the sections covered in this work, i.e.,, DNA extraction for library preparation, and
quality control analysis of the externally sequenced samples as part of the bioinformatics analysis.

1. Sample collection

The nutritional intervention based on fish intake rich in omega-3 was designed as shown
in Figure 4. Faecal samples were collected at three different time points: initially, when
participants were on a basal diet (t=0); after one week of abstaining from fish consumption
(t=1); and finally, after two weeks of controlled fish intake (t=2). A total of 18 participants
over the age of 18 and without pathologies were involved, ensuring a sex-balanced
distribution. Daily questionnaires about dietary habits and GI health were filled in during

the intervention.
@ - g
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Figure 4. Experimental design of the nutritional intervention. Stool samples were collected by each
of the 18 individuals at three different time points during the intervention: initially, when
participants were on a basal diet (t=0); after one week of abstaining from fish consumption (t=1);
and finally, after two weeks of controlled fish intake (t=2).

Each individual received a faecal collection kit, i.e., Stool Sample Collection & Stabilization
Kit (Canvax). Each participant was provided with detailed instructions for proper stool
collection, processing and storage under sterile conditions to reduce the risk of potential
contamination. The stool was added into a collection tube containing a preservative liquid,

7


https://www.azti.es/en/research-areas/food-and-health/

which avoids the necessity for immediate processing or freezing the sample so that it can
be shipped to the laboratory without nucleic acid degradation. The preservative liquid also
prevents the growth of bacteria and fungi and inactivates viruses.

During the collection of samples, donors recorded their information and the date on the
tube label. The collection tubes needed to be placed in small sealable plastic bags. Once
collected, the samples were stored at 4°C until they were given to a laboratory responsible.

Samples were transported to the laboratory within 48 hours of deposition. Upon receiving
faecal samples, a meticulous inspection was done by researchers in Food and Health
research team at AZTI, capturing photos in case any anomalies were noted. A register was
filled in with the relevant details, such as the date received and the code. Samples were
stored at -80°C until they were manipulated for optimal preservation. This project was
initiated once the faecal samples were properly received, inspected, and stored.

2. DNA extraction and library preparation

DNA extraction from faecal samples

This project began with the step of DNA extraction from faecal samples. First of all, faecal
samples were defrosted at 4°C overnight to thaw steadily. As indicated in Table 1, there
were a total of 54 samples, as each of the 18 participants collected samples at three
different time points: initially, when participants were on a basal diet (t=0); after one week
of abstaining from fish consumption (t=1); and finally, after two weeks of controlled fish
intake (t=2).

Table 1. Numbers assigned to the 54 faecal samples, with the original code of each sample in
brackets. Each of the 18 participants collected three samples at three different time points: initially,
when participants were on a basal diet (t=0); after one week of abstaining from fish consumption
(t=1); and finally, after two weeks of controlled fish intake (t=2).

Sample number

Participant t=0 t=1 t=2

1 1 (01t0) 2 (01t1) 3 (01t2)
2 2 (02t0) 5(02t1) 6 (02t2)
3 7 (03t0) 8 (03t1) 9 (03t2)
4 10 (04t0) 11 (04t1) 12 (04t2)
5 13 (05t0) 14 (05t1) 15 (05t2)
6 16 (06t0) 17 (06t1) 18 (06t2)
7 19 (07t0) 20 (07t1) 21 (07t2)
8 22 (08t0) 23 (08t1) 24 (08t2)
9 25 (09t0) 26 (09t1) 27 (09t2)
10 28 (10t0) 29 (10t1) 30 (10t2)
11 31 (11t0) 32 (11t1) 33 (11t2)
12 34 (12t0) 35 (12t1) 36 (12t2)
13 37 (13t0) 38 (13t1) 39 (13t2)
14 40 (14t0) 41 (14t1) 42 (14t2)
15 43 (15t0) 44 (15t1) 45 (15t2)
16 46 (16t0) 47 (16t1) 48 (16t2)
17 49 (17t0) 50 (17t1) 51 (17t2)
18 52 (18t0) 53 (18t1) 54 (18t2)

When samples were ready to handle, processing was carried out inside a biosafety cabinet
and following the instructions of QlAamp PowerFecal Pro DNA Kit (Qiagen). From a total
of 6 ml of stool in the preservation tube, 2 ml were utilised for DNA extraction.
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Adhering to the protocol outlined in the QlAamp PowerFecal Pro DNA Kit (Qiagen), cell
lysis was conducted by mechanical and chemical methods. Disruption agents were
employed for chemical lysis, which, at the same time, helped disperse the stool particles
and protected nucleic acids from degradation. For mechanical homogenisation,
centrifugation was carried out at 15.000 x g for 1 min. DNA contaminants were removed
with a specific solution that contained Inhibitor Removal Technology (IRT), which is a
reagent that precipitates non-DNA organic and inorganic compounds such as cell debris
and proteins. This step is important due to the potential inhibitory effect of those
components on downstream DNA applications. Using a high-concentration salt solution
provided by the kit, genomic DNA was tightly bound on a silica membrane in a spin
column. It was washed in an ethanol-based solution to get rid of residual salt, inhibitors,
and other contaminants. Finally, 75 pl of elution solution containing 10 mM Tris was
passed through the silica membrane, which was provided by the Qiagen kit. This enabled
the selective release of DNA that was bound to the column in the presence of high salt, as
the elution solution lacked salt. This step resulted in a purified DNA sample for further
analysis.

This DNA extraction procedure was simultaneously performed on a “mock community”
standard, comprised of a cell mixture of 21 different strains (including bacteria, archaea
and fungi) of well-characterised microbial taxa, created in vitro to mimic the composition
of a human gut microbiome. More precisely, Gut Microbiome Standard (ZymoBIOMICS)
was employed. Additionally, two positive controls were included in the DNA extraction,
consisting of faecal samples from a previously conducted and verified DNA extraction and
library preparation process. Adhering to the protocol, the same initial volume used for the
rest of the samples was employed for both the DNA extraction of the "mock community"
standard and the two positive controls.

The extracted DNA was mixed with 1X DNA Gel Loading Buffer (Novagen. Stock
concentration: 6X) and loaded into a 1% agarose gel (Condalab) supplemented with 1X
GelRed Nucleic Acid Stain (Biotium. Stock concentration: 10,000X) in order to ensure that
DNA was properly extracted and no degradation occurred during the process. 1 kbp DNA
Ladder (Novagen) was employed as a reference. DNA fragments were run in 1X TAE buffer
(Sigma-Aldrich. Stock concentration: 10X) at a moderate voltage of 100V for 20 minutes,
and UV light was used for band visualisation (Gel Doc EZ System. Bio-Rad). DNA
concentration of each sample was also measured by Qubit spectrophotometer
(Invitrogen) using the Qubit 1X dsDNA HS Assay Kit (Invitrogen).

DNA amplification and library preparation

Bacterial DNA extracted from the 54 faecal samples was used for the amplification of the
V3-V4 region in the 16S rRNA gene by polymerase chain reaction (PCR1). As represented
in Figure 5, specific forward and reverse primers bound upstream and downstream of the
V3-V4 region in the 16S rRNA gene. Those oligonucleotide sequences contained a 5’-
overhang adapter sequence. Primers in PCR2 complementarily bound to the 5’-overhang
and were composed of an additional multiplexing index and [llumina sequencing adapter.
The multiplexing index acted as a barcode to distinguish between each sample. [llumina
sequencing adapters are essential sequences that enable the attachment of DNA fragments
to the flow cell surface of the Illumina sequencing platform (Illumina, 2013).
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Figure 5. Consecutive PCR reactions for the amplification of V3-V4 region in the 16S rRNA gene and
adapter binding for the subsequent Illumina sequencing. PCR1 primers contained a 5’-overhang
adapter sequence complementary to primers in PCR2. PCR2 primers were composed of an
additional multiplexing index and Illumina sequencing adapter (Illumina, 2013).

PCR1: amplification of 16S rRNA gene and addition of overhang adapters

During the first PCR reaction, bacterial DNA extracted from faecal samples was used for
the amplification of the V3-V4 region in the 16S rRNA gene. For this purpose, DNA
concentration was adjusted to 5 ng/ul in all samples with nuclease-free water.

Specific forward and reverse primers from Isogen (0.2 pM) were utilised, which contain a
5’-overhang adapter sequence (see Appendix 1 for PCR1 primer sequences). DNA template
was added to the reaction mix at a final concentration of 1.3 ng/ul. Taq DNA polymerase
was obtained from Ampliqon and employed following manufacturer’s instructions. Each
sample was loaded in triplicates. Extracted DNA from the two positive controls was
included. A non-template control (NTC) served as a negative control of the amplification,
which contained all the components of the PCR reaction except the template DNA. PCR1
reaction was performed following the program indicated in Table 2.

Table 2. PCR1 program.

Step Temperature (°C) Time
Initial denaturation 95 3 minutes
Denaturation 95 30 seconds
Annealing 55 x 30 cycles 30 seconds
Elongation 72 45 seconds
Final extension 72 5 minutes
Hold 4 0o

A verification step was done to confirm the success of the amplification. This was
accomplished by running the PCR products on a 2% agarose gel (Condalab). 5 ul of the
amplicons were mixed with 1X DNA Gel Loading Buffer (Novagen. Stock concentration: 6X)
and 1X GelRed Nucleic Acid Stain (Biotium. Stock concentration: 10,000X) was added to
the gel. The ladder used as reference was 100 bp DNA Ladder (Thermo Fisher Scientific).
DNA fragments were run in 1X TAE buffer (Sigma-Aldrich. Stock concentration: 10X) at a
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moderate voltage of 100V for 20 minutes, and UV light was used for band visualisation (Gel
Doc EZ System. Bio-Rad).

Purification of amplicons from PCR1

Amplified V3-V4 region of the 16S rRNA gene was purified by using AxyPrep MAG PCR
Clean-Up Kit (Axygen), following manufacturer’s instructions. The magnetic beads
allowed DNA purification. Excess free primers, primer dimers, nucleotides, salts, and
enzymes were removed.

PCR2: addition of multiplexing indices and lllumina sequencing adapters

PCR2 was performed using forward and reverse primers from Isogen (0.1 puM) that
complementarily bound to the 5’-overhang adapter sequence added in PCR1. In addition,
PCR2 primers contained multiplexing indices and Illumina sequencing adapters (see
Appendix 2 for PCR2 primer sequences). A volume of 5 pl of DNA template was added to
the reaction mix, composed of PCR1 amplicons. Taqg DNA polymerase was used in
accordance with Ampliqon’s guidelines. PCR2 included the addition of the two same
positive controls used in PCR1 and the utilisation of a NTC. This reaction was performed
following the program indicated in Table 3.

Table 3. PCR2 program.

Step Temperature (°C) Time
Initial denaturation 95 3 minutes
Denaturation 95 30 seconds
Annealing 55 x 8 cycles 30 seconds
Elongation 72 45 seconds
Final extension 72 5 minutes
Hold 4 oo

DNA concentration of the PCR2 products was measured by Qubit spectrophotometer
(Invitrogen) using the Qubit 1X dsDNA HS Assay Kit (Invitrogen). In addition, as in PCR1,
the success of PCR2 was also verified by running the PCR products on a 2% agarose gel
(Condalab). However, only four samples (samples number 1, 19, 36, and 54) were
randomly selected for this assessment, which were run in the gel next to PCR1 amplicons
of the same samples to compare the difference in size. 4 pl of the amplicons were mixed
with 1X DNA Gel Loading Buffer (Novagen. Stock concentration: 6X) and 1X GelRed Nucleic
Acid Stain (Biotium. Stock concentration: 10,000X) was added to the gel. The ladder used
as reference was 100 bp DNA Ladder (Thermo Fisher Scientific). DNA fragments were run
in 1X TAE buffer (Sigma-Aldrich. Stock concentration: 10X) at a moderate voltage of 100V
for 20 minutes, and UV light was used for band visualisation (Gel Doc EZ System. Bio-Rad).

Purification of amplicons from PCR2

Purification of DNA products obtained from PCR2 was performed, which carried adaptors
in both ends. AxyPrep MAG PCR Clean-Up Kit (Axygen) was used as in PCR1, adhering to
manufacturer’s guidelines.

Concentration quantification and normalisation

DNA amplicons attached to adaptors were utilised in library preparation for subsequent
[llumina sequencing. For that purpose, quantification and normalisation of the
concentrations of the purified PCR2 products was carried out. Qubit spectrophotometer
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(Invitrogen) was employed for the precise quantification of the DNA, using the Qubit 1X
dsDNA HS Assay Kit (Invitrogen).

For the normalisation, the concentration of each sample was transformed from ng/ul to
nM applying the following formula by Illumina, 2013:

Sample concentration (%)

x 10% = Sample concentration in nM

5 : :
660 mo] Xaverage library size (bp)

According to Illumina, 2013, the average library size corresponds to 630 bp.

In order to pool the same amount of DNA in each sample, it was important to take 100
femtomoles (fmol) from each of the samples. Taking into account that 1 fmol = nM x pl,
100 fmol were divided by the specific concentration (nM) of each sample, obtaining the
necessary volume of each sample to create a normalised pool.

The next formula was used to calculate the final concentration of each sample in the pool,
which was the same for every sample:

CixVi=0C2xV>
C1= concentration of each sample (nM)
V1= volume of each sample corresponding to 100 fmol
C2=unknown concentration of each sample in the pool
V2= sum of the sample volumes

After guaranteeing that the total concentration of the pool was greater than 4 nM, as
specified in Illumina, 2020, the required volume (V1 in the previous formula) was taken
from each sample to create a proper DNA pool for subsequent [llumina sequencing.

3. DNA sequencing

NGS, specifically [llumina Sequencing, was conducted as part of the metagenomic analysis
of 16S rRNA. Prepared DNA libraries were sequenced by a subcontracted external
company (CNAG, National Centre for Genomic Analysis, Barcelona, Spain) with the
[llumina MiSeq Reagent Kit v3 600 cycle kit, which enables a maximum read length of 2 x
300 bp, with approximately 20-25 million read-pairs.

Regarding the DNA sequencing procedure, before the sequencing takes place, DNA
fragments are attached to a flow cell thanks to the adapters added during the PCR reaction.
This occurs as DNA hybridises complementarily with primers immobilised on the surface
of the flow cell, while unbound DNA is subsequently removed through washing. DNA
fragments are amplified by bridge amplification PCR. Clusters of identical fragments are
produced, composed of thousands of copies of each fragment (Figure 6).

During sequencing, fluorescently labelled nucleotides are introduced. The DNA
polymerase can only add one nucleotide at a time onto the DNA fragment because these
nucleotides contain a reversible fluorescent blocker. As each nucleotide is incorporated,
its fluorescent label is detected, enabling the determination of the DNA sequence within
each cluster (Figure 6). [llumina sequencing is a high-throughput sequencing method
where millions of DNA fragments are sequenced in parallel (Illumina, 2017).
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Figure 6. Overview of Illumina NGS (Illumina, 2017). The DNA library is prepared by adding
adapters to the DNA fragments. The fragments are hybridised complementarily with primers
immobilised on the surface of the flow cell and bridge PCR amplification takes place, creating
clusters of identical fragments. Each cluster is sequenced as the DNA polymerase incorporates
fluorescently labelled nucleotides one at a time, with the fluorescent signal detected during each
incorporation.

4. Bioinformatics and biostatistics analyses

Once DNA sequencing was completed, the raw data was available in FASTQ format.
MobaXterm software was utilised for executing bioinformatic tools. This software
simplifies tasks like transferring files and executing commands on distant computers, all
through a single interface (Mobatek, 2024).

Along with the FASTQ files, FastQC files (Andrews S., 2010) were provided for each of the
samples, offering a comprehensive quality overview of the high-throughput sequencing
data. FastQC files were compiled and summarised using MultiQC tool (Ewels et al,, n.d.),
which aggregates results from multiple FastQC reports into a unified, easy-to-read report.
The bioinformatic analysis began with MultiQC tool, providing an overview of the quality
and characteristics of the sequencing data. Among the information provided by MultiQC,
the Sequence Quality Histogram was a valuable tool for determining the threshold for
sequence trimming. This graph presented the mean quality value across each base
position in each read, represented in Phred score. It exhibited distinct regions in different
colours: green signified high-quality reads, orange denoted lower quality, and red
indicated the lowest quality. The cut-off quality score was established when the quality of
the reads fell into the orange region, indicating a decrease in the sequencing accuracy.
Consideration was given to the fact that a Phred Score of 20 or higher is acceptable,
indicating a 99% accuracy rate with a 1% chance of error.

The process of quality control was followed using QIIME2 software (Bolyen et al., n.d.).
Establishing the threshold value in the Sequence Quality Histogram created by MultiQC
facilitated the sequence trimming process executed by the QIIME2Z platform. After
sequence trimming, QIIME2 was employed for denoising, merging of paired-end reads,
and chimera detection in Conda 2023-2 environment. DADAZ2 tool (Callahan et al., n.d.)
within QIIME2 was utilised for the denoising process, correcting sequencing errors and
filtering out noise. Merging of paired-end reads involved integrating data from both the
forward and reverse reads, resulting in the generation of extended sequences. Chimera
detection was also a crucial step, since chimeras are artifact DNA sequences formed during
PCR, resulting from the hybridisation of segments from distinct DNA molecules. This study
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progressed until the quality control analysis of the sequenced samples, guaranteeing that
the input data for downstream analysis was of high quality.

Afterwards, as part of an in-depth bioinformatics analysis, DADAZ2 is used for clustering
the reads into amplicon sequence variants (ASVs). SILVA (Quast et al,, 2013) serves as a
reference database for taxonomic assignments. Statistical analysis is also crucial in this
metataxonomic analysis, which is carried out in R (R Core Team, 2024). For diversity
assessment, key parameters include alpha diversity, which summarises the diversity
within a single sample, commonly represented by Shannon’s index (Bill Mohn et al., 2023).
In addition, uni- and multivariate analyses are applied to unravel possible relationships
between diet patterns and microbial composition.

5. Report generation and interpretation

Although it was beyond the scope of this project, the final step involves creating a detailed
report of the metataxonomic results. The report includes relevant details, such as the
relative amounts of microbial taxa present in each sample and measures of diversity.

At AZTI Scientific and Technological Centre, not only the intestinal microbiome is
examined, but other advanced techniques are also employed to evaluate multiple factors,
such as lipids and clinical biochemical data. Surveys about dietary habits and digestive
health are also considered of huge importance. The approach involves evaluating
participants before and after the nutritional intervention, aiming to observe dietary
effects. All the information is integrated and compared to existing literature in the field.
The aim is to provide personalised nutritional recommendations in the future, including
dietary supplements for health improvement.

Results
DNA extraction from faecal samples

Agarose gel electrophoresis results of the extracted DNA from human faecal samples are
presented in Figure 7. The first lane in each gel corresponds to the 1 kbp DNA ladder
(Novagen). The extracted DNA of each sample was added as indicated on the upper side of
the gel.

Although some smeared bands were present, particularly in the fourth gel, the extracted
genomic DNA ran equally in almost every sample and showed a band with a remarkable
signal in the gel. The bands in the ladder were not well defined, however, it could be seen
that the size of the genomic DNA in the samples approximately equalled the band of the
higher size in the ladder, i.e., 10 kbp. Samples 1,2 and 9 barely presented a soft band at the
height of the main band in the rest of the samples. The positive controls and the “mock
community” standard also showed a defined band in the gel.
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Figure 7. Agarose gel electrophoresis with extracted genomic DNA from faecal samples. The first
lane in every gel contained a 1 kbp DNA ladder. Samples (54 in total) were in order according to
their given number. Positive (+) controls, negative control (NTC) and “mock community” were also
added.

The average DNA concentration of the samples measured by the Qubit spectrophotometer
was 9.68 ng/ul, which was adjusted to 5 ng/ul in every sample for the subsequent PCR
reaction. The average DNA concentration of the two positive controls was 13.25 ng/ul, and
the “mock community” standard was 11.9 ng/ul (see Appendix 3 for individual
concentrations).

PCR1: amplification of 16S rRNA gene and addition of overhang adapters

Figure 8 displays the agarose gel electrophoresis results of the PCR1 products, ie,
amplicons of 16S rRNA gene in the DNA of faecal samples including the forward and
reverse 5’-overhang adapters. 100 bp DNA ladder (Thermo Fisher Scientific) is present in
the first lane of each gel. Fragments shorter than 400 bp were separated in the ladder; in
contrast, longer fragments than 400 bp were not separated. PCR1 amplicons of each
sample were run as indicated on the upper side of the gel and exhibited a slightly larger
size than 400 bp. The expected band size after the amplification of the V3-V4 region in the
16S rRNA gene was around 460 bp, as specified in Illumina, 2013. Despite a slight
smearing of the bands, all samples, including the positive controls and the “mock
community” standard, presented a well-defined band after this first PCR reaction. As
expected, there was no amplification in the negative control or NTC.
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Figure 8. Agarose gel electrophoresis with PCR1 products. The first lane in the four gels contained
a 100 bp DNA ladder. Samples (54 in total) were in order according to their given number. Positive
(+) controls, negative control (NTC) and “mock community” were also added.

PCR2: addition of multiplexing indices and lllumina sequencing adapters

The average DNA concentration of the PCR2 products measured by Qubit
spectrophotometer was 8.42 ng/ul. The average DNA concentration of the two positive
controls was 8.36 ng/ul, while the concentration of the “mock community” standard was
9.54 ng/pl (see Appendix 4 for individual concentrations).

The results of the agarose gel electrophoresis run with the selected four samples (1, 19,
36, and 54) from PCR2 products are shown in Figure 9, with PCR1 products on the left of
each sample. The first lane belonged to the 100 bp DNA ladder (Thermo Fisher Scientific).
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Fragments shorter than 400 bp were resolved in the ladder; however, longer fragments
exceeding 400 bp were not distinguished. The samples were loaded as indicated on the
upper side of the gel. There was a noticeable difference in the size of PCR1 and PCR2
amplicons, as after the second PCR reaction the obtained DNA fragments were longer than
the ones from PCR1, approximately 450 bp and 600 bp.
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Figure 9. Agarose gel electrophoresis of the selected samples (1, 19, 36, and 54) of both PCR1 and
PCR2 products. The first lane belonged to the 100 bp DNA ladder.

Concentration normalisation

Normalisation of the sample concentration was carried out to guarantee that the amount
of every sample was equal in the DNA pool. Average DNA concentration of the samples
before the normalisation was 20.3 nM. The necessary volume of the samples equal to 100
femtomoles was 5.3 pl on average. The final concentration of each sample in the pool was
0.32 nM, the same for every sample. The total concentration of the samples in the pool was
18.28 nM, indeed, higher than 4 nM.

Bioinformatics analysis of sequenced DNA samples

Quality control analysis of the raw data of externally sequenced DNA was carried out using
MultiQC bioinformatic tool and QIIME2 software. MultiQC tool compiled the DNA
sequencing outputs from the FastQC files into a single, easy-to-read report, presenting key
metrics, plots, and summaries for efficient analysis and interpretation.

Figure 10 represents the Sequence Quality Histogram generated by MultiQC. The graph
shows the mean quality value across each base position within individual reads. Each read
is represented by a curve on the graph, illustrating the quality scores along its entire
length. As sequencing progressed along the length of a read, the quality scores fluctuated,
which are represented in Phred scores. The orange curves in the graph display the quality
scores for forward reads, which correspond to the beginning of the DNA sequence
(referred to as the 5' end). On the other hand, the red lines represent the quality scores for
reverse reads, which belong to the end of the DNA sequence (referred to as the 3' end).
These curves provide a picture of the DNA sequencing quality throughout the reads, with
higher scores meaning better quality.
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Figure 10. Sequence Quality Histogram generated by MultiQC. The graph shows the mean quality
value across each base position in each read, represented in Phred score. The orange curves in the
graph display the quality scores for forward reads, which correspond to the beginning of the DNA
sequence (referred to as the 5' end). On the contrary, the red lines represent the quality scores for
reverse reads, which belong to the end of the DNA sequence (referred to as the 3' end). The
threshold for sequence trimming and the negative controls (NTCs) are outlined in the figure.

The Sequence Quality Histogram was employed as a valuable resource for decision-
making regarding the establishment of the cut-off point for read trimming. The orange
area in the graph (Figure 10) denotes the region where the quality scores fell below a
specific threshold (i.e.,, Phred score=28), indicating a decrease in sequencing accuracy. The
determination of the threshold at the onset of the orange area enabled the process of read
trimming carried out by QIIME2 platform, conducted at position 290 for forward reads
and position 220 for reverse reads. The two red curves with markedly lower quality and
faster quality decrease belonged to the negative control (NTC) used in the library
preparation process.

Once the reads were trimmed to remove low-quality bases, denoising, merging of paired-
end reads and chimera detection were carried out using QIIME2 software. The “Denoised”
column in Table 4 shows the number of remaining sequences after denoising. The number
and percentage of input reads that were successfully merged to generate each merged
sequence are represented as “Merged” and “Percentage of input merged”. Across the
samples, the values of these metrics were notably high. The column “Non-chimeric”
indicates the number of sequences identified as non-chimeric. The “Percentage of input
non-chimeric” column refers to the proportion of non-chimeric sequences relative to the
total number of input sequences, which was notably high in the samples.

The “mock community” standard exhibited a remarkably high percentage of merged input
and non-chimeric input. In contrast, there were no sequences in the negative control that
passed the process of merging and chimera detection, despite the initial input of 103
sequences.
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Table 4. Summary of sequencing data analysis output generated using QIIMEZ2, including
input read counts, denoised sequences, and number and percentage of merged and non-
chimeric sequences. Samples 1-6 were chosen for table display from among the 54
samples, along with the “mock community” standard and the negative control.

Sample Input Denoised Merged Percentage Non- Percentage
of input chimeric ofinput
merged non-

chimeric

Mock 96927 76031 74241 77 60572 62

community

Negative 103 2 0 0 0 0

control

Sample 1 33561 23750 22077 66 21361 64

Sample 2 58642 43971 42324 72 42103 72

Sample 3 139327 94032 88861 64 85689 62

Sample 4 93633 69712 67137 72 65579 70

Sample 5 81158 58804 55536 68 51961 64

Sample 6 116001 86782 83172 72 79414 68

Discussion

Over the past few decades, there has been a growing interest in the study of human GM as
avital element of human health and physiology maintenance. Microbes in the GI tract, with
an extensive genetic repertoire, provide the host with essential biological functions
related to metabolism, immune regulation and defence against pathogens (Ribaldone et
al,, 2023). However, the composition of the GM can be altered as a result of plenty of
environmental factors such as drugs, antibiotics, and dietary elements, leading to an
imbalanced or dysbiotic microbiota and increasing the risk of developing intestinal and
extra-intestinal disorders (Aggarwal et al., 2023). Dietary habits play an essential role in
modulating gut microbial composition. Nevertheless, despite the abundance of
publications on the impacts of carbohydrates, the impact of dietary fats, such as omega-3
fatty acids is poorly understood (Costantini et al.,, 2017). These molecules play essential
anti-inflammatory roles and present significant cardiovascular and cognitive benefits
(Das, 2006).

In this interventional study consisting of the metagenomic analysis of the 16S rRNA before
and after the consumption of fish rich in omega-3 fatty acids, human faecal samples from
healthy individuals were analysed. Stool collection, even though it does not allow to obtain
site-specific gut samples, provides a less invasive alternative than biopsy (Vital et al,,
2018). Moreover, it facilitates convenient sample collection at home and preserves
samples using stool preservative solution, preventing nucleic acid degradation and
enabling sample transportation without immediate freezing.

While metagenomic analysis of the 16S rRNA gene is often regarded as the gold standard
for studying the intestinal microbiome, there are two major approaches within the
metagenomic analysis of the human gut microbiome: shotgun metagenomics and
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metagenomic analysis of the 16S rRNA gene. Shotgun sequencing provides insights into
both the taxonomic composition and functional genes of the microbiota, offering a
comprehensive view beyond the capabilities of 16S rRNA gene sequencing alone (Durazzi
etal, 2021). 16S rRNA sequencing focuses on the 16S rRNA gene, which is only present in
bacteria and archaea, while shotgun metagenomics provides taxonomic information
across a broader spectrum of microbial taxa, including fungi and viruses. Despite its
advantages, shotgun sequencing has two main drawbacks: the bioinformatics analysis
required is considerably more complex compared to the metagenomic analysis of 16S
rRNA. In addition, shotgun metagenomics typically requires higher sequencing coverage
than metataxonomics. Consequently, shotgun metagenome sequencing is usually at least
double to triple the cost of 16S rRNA sequencing (Usyk et al., 2023).

Nine hypervariable regions (V1-V9) are present in the 16S rRNA gene. Single regions or a
combination of two regions are selected for high-throughput sequencing, due to the
maximum read length limitation of [llumina sequencing platforms, 300 base pairs in the
case of the kit used in this study. A commonly used combination consists of V3-V4 region
sequencing, which provides a wide taxonomic diversity and an accurate taxonomic
classification. Microbiome studies conducted in different samples, i.e.,, vaginal (Sirichoat et
al., 2021), hepatopancreatic and intestinal (Garcia-Lépez et al., 2020), and respiratory
(Lopez-Aladid et al., 2023) demonstrated that V3-V4 region displayed the highest richness
and diversity compared to other hypervariable regions.

Valuable results were obtained along the several steps undertaken in this project for the
metagenomic analysis of the 16S rRNA. DNA extraction was successful, as proper DNA
concentration was obtained. In fact, the concentrations obtained in other gut microbiome
studies after DNA extraction from faecal samples ranged between 5-15 ng/pl (Lim et al,
2018; Gall-David et al., 2023) using QIAamp PowerFecal Pro DNA Kit (QIAGEN, 2024), and
the recommended minimal concentration of the extracted faecal DNA for the metagenomic
analysis of 16S rRNA is 5 ng/ul (Elie et al., 2023). In addition, an adequate DNA quality
was obtained, with notable bands of genomic DNA in the gel electrophoresis (Figure 7).
The absence of distinct separation of bands in the ladder did not affect the interpretation
of results, as the primary goal was not focused on observing the exact band size of genomic
DNA. Instead, it was to verify the proper DNA extraction and its integrity. The genomic
DNA matched the size of the largest band in the ladder, i.e., 10 kbp, consistent with findings
from previous studies following faecal DNA extraction (Mirsepasi et al., 2014; Kia et al,,
2016). Wells that lacked a proper band, to be exact, samples number 1, 2 and 9, belonged
to the samples in which a pipetting error was made, accidentally dropping the content off
the well. Gel electrophoresis was not repeated for those samples, since their adequate DNA
concentration measured by the spectrophotometer proved that genomic DNA was
properly extracted.

A soft smear was present in the gels after the DNA extraction, particularly in the fourth gel.
This smearing not only affected the samples but also hindered the proper separation of
the bands in the ladder. Smears could have been the result of DNA degradation caused by
nucleases, however, the DNA extraction kit from Qiagen provided nuclease inhibitors that
protect nucleic acids from degradation (QIAGEN, 2024). What is more, the fact that this
smearing phenomenon was specific to just one of the gels suggests that there was an error
in gel preparation rather than a DNA integrity issue. The gel could have been not properly
solidified, resulting in irregularities in the electric field and hindering the migration of the
fragments (Stellwagen, 1998). Considering that the primary objective was to validate the
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proper DNA extraction process, the observed soft smearing did not compromise the
integrity of the experimental outcome. Therefore, the analysis proceeded with confidence.

The agarose gel electrophoresis conducted with PCR1 products showed promising results
(Figure 8), as a remarkable band was obtained for each sample, belonging to a slightly
larger size than 400 bp. As in the previous gel electrophoresis (Figure 7), the small smear
may have been caused by the improper solidification of the gel rather than DNA
degradation. This assumption was supported by the absence of any smearing in the same
samples displayed in Figure 9. Although the fragments in the ladder higher than 400 bp
were not separated on account of the mentioned inadequate solidification of gel, it was
sufficient to confirm the proper amplification of the V3-V4 region in the 16S rRNA gene
consisting of around 460 bp, as specified in /llumina, 2013. The same occurred with the gel
run after PCR2 (Figure 9), since the ladder enabled to visualise a noticeable difference of
around 100 bp between PCR1 and PCR2 products. This size difference arose from the
incorporation of multiplexing indices and Illumina sequencing adapters during the second
PCR2 reaction, resulting in final amplicons of approximately 630 bp, as outlined in
[llumina, 2013. Other microbiome studies, such as Shahi et al,, 2020, could also observe
differences in size between PCR1 and PCR2, with a final PCR2 product of roughly 630 bp.
In addition, an adequate DNA concentration was obtained after PCR2 reaction. As a
potential improvement to the protocol, measurement of DNA concentration after PCR1
could be implemented to determine the precise concentration of DNA template used in
PCR2, rather than relying solely on the required DNA volume.

It is important to highlight the role of positive and negative controls. There were two
positive controls consisting of two faecal samples that were previously subjected to the
whole process DNA extraction and library preparation. After the DNA extraction from
faecal samples, the two positive controls showed a remarkable band in the gel
electrophoresis, as well as an adequate DNA concentration measured by the
spectrophotometer, exceeding the recommended minimum yield of 5 ng/pl (Elie et al,
2023). The positive controls confirmed a proper DNA extraction process and served to
validate the results obtained from the rest of the samples. In addition, negative controls
(NTC) were added in the PCR reactions for the detection of any contamination or false
amplification in the absence of template DNA (Salter et al., 2014). As reviewed by Hornung
et al, there is alack of controls in microbiome research. Since 2018, in microbiome studies
utilising high-throughput sequencing, only 30% of publications included negative
controls, and positive controls were employed in only 10% of those studies (Hornung et
al,, 2019).

Ensuring accurate measurement of the human microbiome requires meticulous attention
to sample acquisition, storage, handling and analysis. It is crucial to maintain standardised
procedures and consistent analytical methods across studies and laboratories (Voigt et al,,
2015; Song et al,, 2016). This minimises technical variability that exists at each stage of the
gut microbiota analysis. As mentioned, negative and positive controls help to catch those
variations. Additionally, the incorporation of a “mock community” standard sample is
paramount in gut microbiota studies. It allows the standardisation across different
laboratories, ensuring consistency and reproducibility of the studies (Han et al., 2020).
This standard can be added either before the DNA extraction process, which contains
different cells (Galla et al., 2023) or during the PCR reactions, where DNA is amplified
(Tourlousse et al., 2017). In this study, the “mock community” standard contained cells of
21 different strains rather than already extracted DNA. This way, technical variability in

21



DNA extraction process was avoided, as variation in DNA extraction methodologies is a
widespread challenge encountered among laboratories (Costea et al., 2017).

Numerous studies have adopted the “mock community” standard as a benchmark for
microbiome analysis (Fouhy et al., 2016; Roume et al., 2023). However, it is challenging to
establish a standard that accurately represents a healthy human intestinal microbiota. The
gut microbial community of each individual is influenced by both inter- and intra-
individual fluctuations over time, adding complexity to efforts to define a precise healthy
gut microbial composition (Mcburney et al., 2019). In spite of the difficulty of establishing
a healthy human microbiota composition, it has been proven that the addition of a “mock
community” standard before the DNA extraction can help identify technical biases and
facilitate comparisons of microbiota composition, with minimal impact on microbial
diversity (Galla et al., 2023).

An adequate normalisation of the final sample concentrations allowed a total
concentration of the pool higher than 4 nM, a crucial requirement for subsequent DNA
sequencing (Illumina, 2020). As stated in the section “Techniques and Methods”,
bioinformatical and biostatistical analysis was required once the raw data of the externally
sequenced DNA was obtained. This project contributed to the quality control analysis of
the sequenced DNA using bioinformatic tools. MultiQC was a highly valuable tool for
assessing the quality and reliability of sequencing data. The Sequence Quality Histogram
(Figure 10) was pivotal for decision-making regarding where to set the cut-off for
trimming the reads. The threshold was set at a Phred score of 28, a notably high value
compared to other microbiome studies, where the quality score threshold for sequence
trimming was lower. For example, in the study conducted by Hiergeist et al., 2023, the
threshold for sequence trimming was established at a Phred value of 15. This indicates
that the sequencing data's accuracy obtained in this project was significantly superior, due
to the removal of low-quality sequences. The consistent high-quality scores observed in
the Sequence Quality Histogram, extending up to positions 220 and 290 for reverse and
forward reads respectively, validated the integrity of the sequencing data acquired in this
study. As expected, the negative control (NTC) used during the library preparation process
showed a noticeably lower quality and quicker quality decline than the rest of the samples.
[tis important to note that the deterioration in read quality towards the end of sequencing
reads that occurred in this study is a common occurrence across most platforms including
[llumina (Batut et al., 2024). This successful quality profile was directly linked to the
rigorous DNA extraction and library preparation implemented prior to sequencing.

QIIME2 software was essential for quality control analysis of the sequenced samples,
encompassing read trimming, denoising, merging of paired-end reads, and chimera
detection. Although several other software are available for microbiome analysis, QIIME 2
stands out as one of the most widely utilised for the analysis of marker genes, 16S rRNA in
this case. It can detect taxa even with a low biomass per sample (Bolyen et al., n.d.), making
it the preferred software for microbiome analysis among numerous researchers, including
those at AZTI. As presented in Table 4, post-denoising, the remaining read counts in each
sample decreased very little, remaining notably elevated. The considerably high
percentage of merged input sequences indicated a successful merging process of paired-
end reads, facilitating the reconstruction of longer and more comprehensive sequences.
This result was particularly noteworthy, especially when considering previous findings
from other studies where low percentages of paired-end reads could be successfully
merged (Liu et al,, 2020; Chen et al,, 2016). In addition, there was an increased proportion
of non-chimeric sequences (Table 4). The presence of similarly high values for the
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mentioned metrics in the "mock community” standard was crucial, as it serves as a
reference microbiome in later bioinformatic and biostatistical analyses. Additionally, the
few reads obtained in the sequencing of the negative control were successfully discarded
in the merging process, indicating that these reads represented artefacts rather than
genuine microbial signals. The comprehensive quality control analysis of the sequenced
samples confirmed the effectiveness of the optimised laboratory methods for DNA
extraction and library preparation.

Within the bioinformatics analysis of the sequenced samples, this study advanced to the
stage of conducting quality control analysis. Ensuring data accuracy before proceeding to
more intricate analyses is paramount, therefore, quality control analysis was thoroughly
carried out. The decision to prioritise quality control analysis for the sequenced samples
in the project was driven by the time-intensive nature of in-depth bioinformatics and
biostatistical analyses. While currently undergoing the process of learning further
bioinformatics and biostatistics for the metataxonomic analysis of human GM, it is
acknowledged as a gradual process. Thus, in-depth bioinformatics and biostatistical
analyses will be performed by members Food and Health research group at AZTI.

In conclusion, recent scientific research increasingly emphasises the pivotal role of gut
microbiota in human health and disease, with the development of high-throughput DNA
sequencing technologies revolutionising this field (Wei et al., 2021). However, this realm
is still in its early stages and significant challenges persist, including the complexity of the
gut microbiome and the variability in microbial composition among individuals
(McBurney et al., 2019). This study contributed to the procedure of the metagenomic
analysis of 16S rRNA in human faecal samples, particularly in the context of a nutritional
intervention involving fish consumption rich in omega-3. Given the limited understanding
of the effects of omega-3-rich nutritional elements on the human intestinal microbiota,
this research aimed to shed light on this area. Positive outcomes were obtained for the
faecal DNA extraction and library preparation for subsequent DNA sequencing, which
were not only successful but also meticulously interpreted to identify areas for protocol
enhancement. Thorough quality control analysis of the sequenced samples validated the
efficacy of the optimised laboratory methods, eliminating the need for immediate analysis
repetition and conserving valuable resources. The steps undertaken in this project were
immensely valuable for subsequent sequencing data analysis employing bioinformatics
and biostatistics, leading to the creation of a detailed report with the metataxonomic study
of each sample and the correlation with other measured parameters. Moving forward, the
forthcoming approach is to enhance individuals' wellbeing through precision nutrition.

Ethical aspects

This study was conducted following the guidelines of the Declaration of Helsinki and
approved by the CEISH (Ethics Committee in Human-Related Research) with the approval
code: M10/2022/435MR1. A total of 18 participants over 18 years old and without
pathologies were involved in the study, guaranteeing a sex-balanced distribution. Prior to
their involvement in the collection of faecal samples, participants signed a written
informed consent. Confidentiality of the participants' information was strictly maintained
throughout the study, and all data were anonymised before analysis to ensure privacy. The
study protocol included measures to minimise potential risks to participants, who were
informed about their rights to withdraw from the study at any time.
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GM plays a pivotal role in a wide range of physiological processes. In addition, while
functionally consistent across individuals, GM exhibits a variation in bacterial species
throughout the life of each human (Carding et al., 2015). Factors like sex, ethnicity, age,
and environmental exposures, including diet, medications, and pathogens contribute to
the diverse composition of the gut microbiome (Aggarwal et al., 2023). In this context,
alterations in the GM composition can lead to an imbalance of the microbial community in
the gut, causing intestinal and extra-intestinal disorders (Carding et al., 2015).

In this framework, the importance of advancing in the examination of intestinal microbiota
remains huge. On the one hand, gaining deeper insights into the composition and
mechanisms of GM in disease conditions can lead to the production of innovative
therapeutics for manipulating microbiota to prevent or to treat the disease (Marchesi et
al,, 2016). On the other hand, metataxonomic analysis of GM in healthy individuals is also
convenient. In this study, metagenomic analysis of 16S rRNA was carried out in individuals
without any known disease before and after a nutritional intervention based on fish intake
rich in omega-3 fatty acids, enabling the future establishment of relationships between
microbial composition, GI health and dietary habits. Prior to the metagenomic analysis,
healthy individuals filled in a questionnaire of GI health and dietary habits. While
extensive research has been conducted on the impacts of carbohydrates, our
comprehension of the effects of dietary fats, particularly omega-3 fatty acids, is still
incomplete (Costantini etal., 2017).

One of the AZTI Scientific and Technological Centre’s primary areas of action in their
technology plan is to unravel the advantages of consuming foods rich in omega-3 fatty
acids, which involves the analysis of metabolic responses, conducting metabolomic
profiling, such as SCFAs in faeces or red blood cell membrane fatty acid profiling, and the
study of lifestyle and digestive health surveys. The recent integration of human GM
analysis in this research initiative is pivotal for advancing in this field. In the study of GM,
stool sampling is prioritised to ensure minimal invasiveness among participants. While
methods like biopsy offer site-specific microbiome analysis, stool sampling presents a
significantly less invasive alternative. Moreover, participants find it convenient to collect
samples in the comfort of their homes (Vital et al., 2018).

Through future in-depth metataxonomic analysis of human intestinal microbiota, this
study aims to open the door to future personalised nutritional recommendations,
including dietary supplements, which have not yet been established in the scientific
community. Despite the advancements from cutting-edge techniques like NGS, this field is
still in its early stages, with major challenges like understanding the gut microbiome's
complexity and the interindividual variability (McBurney et al, 2019). With this
investigation, our comprehension of the gut microbiome and its impact on human
wellbeing will continue to evolve, leading to the exploration of innovative approaches to
precision nutrition.

Usage of Artificial Intelligence

Artificial Intelligence (Al) was primarily utilised as a generative language model for
synonym consultation and obtaining general, non-detailed explanations of specific terms.
In the context of language processing, Al algorithms suggest synonyms for words or
expressions, aiding in the refinement of the written content. Additionally, Al tools provide
explanations of concepts, giving a better understanding of their meaning without delving
into complicated details. Direct usage of Al for the redaction of phrases and paragraphs
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was avoided at every moment, demonstrating a commitment to a full understanding of the
content and original contribution to the study.

Future perspectives

This study contributed to the development of essential steps in the metagenomic analysis
of 16S rRNA in human GM. The analysis will continue with an in-depth bioinformatics
examination to acquire detailed data on the distribution and diversity of microbial taxa.

Future work includes contrasting the obtained results on the relative abundance of the
microbiota found (not included in this work as it was out of the scope of the project) with
existing relevant literature in the field. A study conducted by Noriega et al, 2016 showed
an elevation of the Firmicutes phylum after a daily supplementation of omega-3 for two
weeks, coupled with a decline in Bacteroidetes and Actinobacteria. Collaterally, Watson
and co-authors analysed the effect of a DHA/EPA supplementation for eight weeks
(Watson et al., 2018). In this study, while no statistical differences were observed in the
Firmicutes/Bacteroidetes phyla ratio, consistent differences were found at family and
genus levels. Specifically, there were increases in the Clostridiaceae, Sutterellaceae, and
Akkermansiaceae families. Bifidobacterium and Oscillospira genera reported an increase,
together with a reduction in Coprococcus and Faecalibacterium. Understanding both
similarities and differences between the results obtained at AZTI and those of the other
laboratories is crucial for a thorough interpretation.

Moreover, biostatistical analysis will be conducted to correlate the results with the
nutritional status and digestive health of each individual, along with the assessment of the
impact of omega-3 in the intestinal microbiota. A vast quantity of GM data will be gathered,
originating from  different omics technologies including metabolomics,
metatranscriptomics, and metataxonomics, which will be combined with host metadata
(Alvarez-Calatayud & Guarner, 2022). Machine learning techniques will be indispensable
for discovering biomarkers to predict responses and alterations in GM under nutritional
interventions and dietary supplements (Marcos-Zambrano et al., 2021).

Future work will involve a similar study considering the discoveries from this pilot study
but with a higher number of volunteers to confirm the consistency and reliability of the
results. This investigation will help achieve the ultimate future goal of providing
personalised nutritional recommendations to prevent gut-related disorders and promote
overall wellbeing. The establishment of standardised methods will open the door to
making tailored gut microbiota monitoring accessible and affordable to the general public.
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Appendices

Appendix 1. Nucleotide sequence and number of base pairs of the primers used in PCR1.
In italics and pink: 5’-overhang adapter sequence for the forward primer; in italics and
blue: 5’-overhang for the reverse primer; in grey: specific sequence targeting the V3-V4
region of the 16S rRNA gene.

Primer name Sequence Length
(bp)

341F CCTACGGGNGGCWGCAG 50

785R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA 55
ATCC

F_16SV3V4_1N NCCTACGGGNGGCWGCAG 51

R_16SV3V4_1N GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNGACTACHVGGGTATCT 56
AATCC

F_16SV3V4_2N NNCCTACGGGNGGCWGCA 52
G

R_16SV3V4_2N GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNGACTACHVGGGTATC 57
TAATCC

Appendix 2. Nucleotide sequence and number of base pairs of the primers used in PCR2.
Only four examples are provided to show the variation in multiplexing indices across
different primers. In italics and pink: 5’-overhang adapter sequence for the forward
primer; in italics and blue: 5’-overhang adapter sequence for the reverse primer; in bold
and green: multiplexing index, specific to each sample; in orange: Illumina sequencing
adapter.

Primer name  Sequence Length
(bp)
NGS_i5_S513 AATGATACGGCGACCACCGAGATCTACACTCGACTAG 51
NGS_i5_S515 AATGATACGGCGACCACCGAGATCTACACTTCTAGCT 51
NGS_i7_N701 CAAGCAGAAGACGGC!? AGATTCGCCTTAGTCTCGTGGGCTCGG 47
NGS_i7_N702 ATCTAGTACGGTCTCGTGGGCTCGG 47

Appendix 3. DNA concentration (ng/ul) measured after DNA extraction of the 54 samples,
two positive controls, and the “mock community” standard.

Sample Concentration
(ng/pl)
1 16.2
2 4.99
3 11.3
4 14.5
5 11.9
6 38.2
7 12.3
8 16.7
9 11.3
10 8.22
11 11.4
12 11.5
13 19.5
14 10.1
15 10.3
16 20.6
17 11.3
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18 9.93

19 6.85
20 2.88
21 6.16
22 4.43
23 9.51
24 6.94
25 4.8

26 6.23
27 7.05
28 4.87
20 5.65
30 5.36
31 7.54
32 7.62
33 5.71
34 4.38
35 8.76
36 4.81
37 3.75
38 4.26
39 8.58
40 3.78
41 11.9
42 1.36
43 10.6
44 12.7
45 8.42
46 6.68
47 6.82
48 13.1
49 8.06
50 16.5
51 19.8
52 8.15
53 7.65
54 10.6
Positive control 1 15.4
Positive control 2 11.1
“Mock community” 11.9

Appendix 4. DNA concentration (ng/pl) measured after PCR2 reaction for the 54 samples,
two positive controls, and the “mock community” standard.

Sample Concentration
(ng/pul)
4.71
5.48
6.52
5.73
5.47
6.68
7.66

7.3

6.5

10 11.1

11 8.82

12 9.83

VOIS WN =
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13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
20
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
Positive control 1
Positive control 2
“Mock community”

7.53
10.7
8.12
6.44
6.7
10.1
7.98
9.14
9.17
11
9.9
10.1
3.49
13.1
10.1
11.4
8.3
13.5
11.3
5.55
11.8
8.83
7.18
6.59
8.56
8.52
7.17
5.77
10.2
6.21
10.8
9.19
14.2
11.6
8.57
6.29
8.42
9.42
7.02
8.16
4.6
6.06
5.62
11.1
9.54
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