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Abstract

Crohn’s disease is a multifactorial complex disorder with various risk factors, where
gut microbiome is one of the key contributors in the onset of disease and severity
in symptoms. Metagenomic analysis of patients suffering from Crohn’s disease
reveals that gut microbiota variations contribute to gut dysbiosis. This study
was designed to identify the taxonomic biomarkers, i.e., microbial taxa, which
could be used as an indicator of disease. After multivariable regression analysis
of microbial taxa associations with clinical variables, this study identifies novel
microbial signatures strongly linked to CD, including Alistipes indistinctus (coef
= 1.00, qval = 4.58e-60), Prevotella copri (coef = 1.00, qval = 4.62e-60), and
Fusobacterium nucleatum (coef = 1.00, qval = 2.26e-59), which are significantly
enriched in CD patients compared to healthy controls (Diagnosis.pdf). Strikingly,
immunosuppressant and steroid therapies drive distinct microbial shifts, suppress-
ing inflammation-associated taxa (e.g., Blautia pseudococcoides, coef = -0.42, qval
= 8.26e-60) while promoting potential beneficial species (e.g., Phocaeicola dorei,
coef = 1.65, qval = 0.00016 with mesalamine; mesalamine.pdf). Age-related dy-
namics further highlight taxa such as Parabacteroides merdae (coef = -0.46, qval
= 0.063) and Blautia hansenii (coef = -0.26, qval = 0.063), which decline with
aging (Age.pdf). Statistical rigor was ensured via FDR correction (qval < 0.1),
with most associations exhibiting ultra-low g-values (<1le-50), underscoring the
robustness of findings. A heatmap visualization (heatmap.pdf) integrates these
results, revealing clusters of taxa with shared responses to clinical variables, such

as CD-enriched Alistipes and immunosuppressant-depleted Clostridium.
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Chapter 1

Introduction

Crohn’s disease (CD) is a chronic inflammatory disorder of the gastrointestinal
(GI) tract that affects millions worldwide, with a rising prevalence in both devel-
oped and developing nations. It is classified as Inflammatory Bowel Disease (IBD)
and is characterized by transmural inflammation, leading to complications such as

strictures, fistulas, and intestinal damage.

In the past two decades, the global incidence of CD has increased significantly, with
North America and Europe having the highest prevalence rates, where approxi-
mately 400 per 100,000 individuals are affected. Meanwhile, recent epidemiological
studies indicate that the burden of CD is rising in Asian and Middle Eastern coun-
tries, including Pakistan, where the prevalence is estimated to be increasing due
to rapid urbanization and dietary transitions toward Westernized food patterns,
or more precisely, the processed food with preservatives [1, 2]. Despite advance-
ments in diagnosis and treatment, the exact cause of CD remains unknown, and

managing its symptoms remains a significant challenge in gastroenterology.

1
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INFLAMMATORY
BOWEL DISEASE (IBD)

CROHN'S DISEASE ULCERATIVE COLITIS

PATCHY INFLAMMATION THROUGHOUT
SMALLAND LARGE BOWEL

CONTINUOUS AND UNIFORM
INFLAMMATIONIN THE LARGE BOWEL

folatidid ),

- qu\“

LT |

FIGURE 1.1: The classification of inflammatory Bowel Disease into Ulcerative
Colitis and Crohn’s Disease

In Pakistan, CD has been historically underdiagnosed due to the overlap of symp-
toms with tuberculosis and other gastrointestinal infections. However, hospital-
based reports indicate an increasing trend in the number of diagnosed cases, par-
ticularly among young adults between the ages of 15 and 35. A retrospective
analysis of IBD cases in Pakistan has revealed that nearly 20% of inflammatory
bowel disease patients present with Crohn’s disease, suggesting a considerable
disease burden. The rise in CD incidence in developing countries has been at-
tributed to environmental shifts, including changes in diet, antibiotic overuse, and
industrialization [3, 4]. The lack of population-based registries makes it difficult
to estimate the exact prevalence of CD in Pakistan, but clinical studies suggest
an alarming rise in cases, requiring further research and healthcare planning to

improve early diagnosis and management strategies [5].

The treatment options for Crohn’s disease aim to induce and maintain remission,
reduce inflammation, and improve the quality of life for patients. Current ther-
apies include anti-inflammatory drugs, corticosteroids, immunosuppressants, and

biologics such as tumor necrosis factor-alpha (TNF-«) inhibitors. Among them,
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biologic therapies such as infliximab and adalimumab have revolutionized CD man-
agement by targeting specific immune pathways involved in inflammation. These
drugs have been shown to reduce disease severity and delay disease progression
significantly, particularly in moderate to severe cases [6, 7]. However, the high
cost and potential adverse effects, including an increased risk of infections and
malignancies, limit their widespread use, particularly in low-income settings like

Pakistan.

In addition to pharmacological treatment, surgical interventions remain necessary
in cases where medical therapy fails. Approximately 50% of CD patients require
at least one surgical procedure within 10 years of diagnosis due to complications

such as intestinal obstruction or perforation.

Advances in minimally invasive laparoscopic techniques have improved post-surgical
outcomes, but surgery does not cure the disease, as inflammation often recurs in
other areas of the intestine. Emerging treatment strategies, including stem cell
therapy and microbiome-based interventions such as fecal microbiota transplan-
tation (FMT), offer promising alternatives for disease management, though more

clinical trials are needed to establish their efficacy and safety [8, 9].

The exact cause of Crohn’s disease remains unknown, but research suggests that
it results from a complex interplay of genetic susceptibility, immune dysfunction,
environmental factors, and alterations in gut microbiota. More than 200 genetic
loci have been associated with CD, with mutations in the NOD2 gene being the
most significant genetic risk factor. NOD2 mutations impair bacterial sensing and
immune regulation, leading to an exaggerated immune response against commensal

gut microbes.

Other key genetic variants implicated in CD include ATG16L1 and IL23R, which
are involved in autophagy and immune signaling pathways, respectively [10, 11].
However, genetics alone cannot explain the rising incidence of CD, particularly
in regions where the disease was historically rare, indicating that environmental
factors such as smoking, diet, stress, and antibiotic use play significant roles in

disease onset and progression.
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. I--‘
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FIGURE 1.2: Genetic and Non genetic Risk Factors associated with Crohn’s
Disease

Smoking is one of the strongest environmental risk factors for CD, with smokers
being twice as likely to develop the disease compared to non-smokers. Addition-
ally, a Westernized diet high in refined sugars, saturated fats, and food additives
has been linked to an increased risk of CD by disrupting gut barrier function and
promoting pro-inflammatory bacterial growth. Furthermore, the overuse of antibi-
otics, particularly during childhood, has been associated with an increased risk of
developing CD later in life, likely due to its impact on gut microbial composition
[12, 13]. Psychological stress has also been identified as a potential trigger for dis-
ease flare-ups, suggesting a link between the brain-gut axis and CD pathogenesis.
Understanding these environmental triggers is crucial for developing preventive

strategies and early interventions [14].

The gut microbiota, composed of trillions of bacteria, viruses, and fungi, plays a
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vital role in digestion, immune modulation, and maintaining intestinal homeosta-
sis. In healthy individuals, a balance between beneficial and harmful microbes is
maintained, but in CD patients, gut dysbiosis occurs, characterized by a signifi-
cant reduction in anti-inflammatory bacteria such as Faecalibacterium prausnitzii
and Roseburia, along with an overgrowth of pro-inflammatory bacteria such as
FEscherichia coli and Fusobacterium nucleatum [15, 16]. This microbial imbalance
leads to increased intestinal permeability, triggering an immune response that

exacerbates inflammation and tissue damage.

Recent studies using next-generation sequencing techniques have provided deeper
insights into the functional role of the microbiome in CD. Metagenomic analysis
has revealed that CD-associated microbiomes exhibit increased production of bac-
terial endotoxins and reduced short-chain fatty acids (SCFAs), which are essential
for gut epithelial health. SCFAs, particularly butyrate, play an anti-inflammatory
role by promoting the integrity of the intestinal barrier and regulating immune
responses. The loss of butyrate-producing bacteria in CD patients has been linked
to increased intestinal inflammation and disease severity [17, 18]. These findings
highlight the potential for microbiome-targeted therapies, including probiotics,

prebiotics, and microbiota transplantation, as novel treatment strategies for CD.

Metagenomics is a powerful approach that allows for the comprehensive analysis
of microbial communities in the gut by sequencing all genetic material present in
a sample. Unlike traditional culture-based methods, metagenomics provides an
unbiased view of microbial diversity and functional capabilities. Shotgun metage-
nomics, one of the most widely used techniques, enables the identification of bac-
terial species, their metabolic pathways, and their interactions with the host. This
technique has been instrumental in identifying microbial signatures associated with

CD and distinguishing between active disease states and remission [19, 20].

Recent advancements in computational biology have further improved the accuracy
of metagenomic analysis, allowing researchers to study microbial gene expression
(metatranscriptomics), protein functions (metaproteomics), and metabolite pro-

duction (metabolomics). These multi-omics approaches provide a more holistic
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understanding of the gut microbiome’s role in CD and offer potential biomark-
ers for early diagnosis and treatment monitoring. As metagenomics continues to
evolve, integrating it with clinical data and machine learning algorithms may lead
to the development of personalized medicine approaches for CD patients, improv-

ing disease management and treatment outcomes [21, 22].

1.1 Problem Statement

In Crohn’s Disease, the gut microbiota, the population of microorganisms in the
digestive tract, is frequently disrupted to create the condition of dysbiosis. The
imbalance is one of diminished diversity, low counts of health-promoting bacteria,
and higher abundance of potentially pathogenic bacteria. The gut microbiota is
central to Crohn’s Disease, contributing potentially to chronic inflammation and

other disease complications.

1.2 Research Objectives

The study is designed to identify taxonomic biomarkers for Crohn’s Disease

To achieve the aim following objectives are designed:

1. To determine the number and taxonomic makeup of the human gut micro-

biome in individuals with Crohn’s Disease

2. To explore taxonomic diversity within Crohn’s disease-specific metagenomic

samples

3. To perform Multivariable analysis to identify the association between micro-

bial taxa and clinical metadata.
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Literature Review

Inflammatory Bowel Disease, also referred to as IBD, is a group of diseases charac-
terized by swelling and inflammation of the gastrointestinal tract, resulting from
an autoimmune disorder in which the immune system attacks healthy bowel cells,
particularly in the intestines. Because it is an autoimmune disorder, it is typically
a chronic disease. The most common disease conditions under the umbrella of

IBD are ulcerative colitis and Crohn’s disease.

Inflammatory Bowel Disease

Healthy Crohn's disease Ulcerative colitis

Fat wrapping

Muscle N Fissures
hypsrtophy Cobblestone Ulceration within
appearance the mucosa

FicUre 2.1: Inflammation and ulceration conditions of the intestines during
Inflammatory Bowel Disease

7
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Although the symptoms, including stomach aches, fatigue, extensive weight loss,
and diarrhea, are common in both types of IBD. Severity of these symptoms also

varies from very mild disease to fatal complications.

Ulcerative colitis is a type of IBD when ulcers, including inflammation and sores
in the colon and rectum while Crohn’s disease is a condition where inflammation
is in the whole gastrointestinal tract, more frequently in the small intestine than

the upper gastrointestinal tract, especially in the deeper layers of epithelium.

TABLE 2.1: Comparison of symptoms and complications in Crohn’s Disease
and Ulcerative colitis.

Crohn’s Disease Ulcerative Colitis

Occurs anywhere along the gastrointestinal Occurs only in the colon

tract — from the mouth to the anus; though and rectum

it most commonly affects the end of the small

intestine

Affects all layers of the intestinal walls Only affects the innermost
lining of the intestine

Inflamed areas can appear in parts, even next Inflamed areas are contin-

to perfectly healthy parts of the intestines uous

Possible complications include: bowel ob- Possible complications in-

struction, anal fissures, colon cancer, stric- clude: colon perforation,

tures, fistulas, and malabsorption colon cancer, severe dehy-
dration and toxic mega-

colon

Stress and diet are the major contributors to IBD, but several other factors also
contribute to the severity of the disease, including a dysfunctional immune system
or autoimmune disease, genetic factors, sensitivity of the digestive system, infec-
tions during childhood, excessive use of antibiotics, and poor hygiene, especially

for bottle-fed kids.

Therefore, in general, it could be concluded that, in addition to family history
and genetics, the extensive use of nonsteroidal anti-inflammatory medicine is the

major contributor in IBD.
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INFLAMMATORY
BOWEL DISEASE (IBD)

CROHN'S DISEASE ULCERATIVE COLITIS

PATCHY INFLAMMATION THROUGHOUT CONTINUOUS AND UNIFORM
SMALLAND LARGE BOWEL INFLAMMATIONIN THE LARGE BOWEL
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FiGURE 2.2: Comparison of the location of inflammation in Crohn’s disease
and Ulcerative colitis

Both types of IBD, either ulcerative colitis or Crohn’s disease, ultimately result
in severe complications, including Colon Cancer, which is the major complication
with onset between 8-10 years of IBD. Arthritis and swelling of the skin are also

commonly observed in patients with IBD.

Patients diagnosed with ulcerative colitis face toxic megacolon, i.e., swelling and
rapid widening of the colon, and perforated colon i.e., holes in the colon. Anal
fissures are very common in people suffering with Crohn’s disease along with de-

velopment of fistulas especially around anal regions.

2.1 Crohn’s Disease: Definition

Crohn’s disease (CD) has been defined by the World Health Organization (WHO)

as a chronic, relapsing inflammatory bowel disease (IBD) that may involve any
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region of the gastrointestinal (GI) tract, producing inflammation, ulceration, and

destruction of the intestinal wall.

The disease is marked by periods of remission and flare-ups, followed by complica-
tions like intestinal strictures, fistulas, and disorders of malabsorption [1]. Unlike
ulcerative colitis, which is limited to the colon, Crohn’s disease can affect any area

from the mouth to the anus [2].

Thickening
of colon wall

Cobblestone
appearance
of surface

Fistula

inflammation

FIGURE 2.3: Location of disease infections [23]

2.2 Prevalence of Crohn’s Disease

2.2.1 Global Prevalence

Western countries are more popular for Crohn’s Disease, with the highest incidence
in North America (319 per 100,000) and Europe (322 per 100,000). However,
recent studies indicate a rising incidence in Asia, Africa, and the Middle East,

likely due to urbanization and dietary changes [24].
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FIGURE 2.4: Worldwide map of incidence of Crohn’s disease [25]

2.2.2 Prevalence in Pakistan

In Pakistan, Crohn’s disease was historically underreported, but recent studies
suggest an increasing incidence, particularly in urban areas. A hospital-based

study found that 20% of IBD cases in Pakistan are Crohn’s disease [3].

2.2.3 Gender & Age-Wise Prevalence

Crohn’s disease can occur at any time in life, but it is most frequently diagnosed
between 15 and 35 years of age. Both sexes are equally affected by the disease, al-
though according to some reports, there is a minor male pre-dominance in younger

age groups and a higher female prevalence after age 50 [4].

2.3 Diagnostics for Crohn’s Disease (CD)

The examination of Crohn’s disease involves a combination of clinical symptoms,

imaging, endoscopy, and laboratory tests. The Fecal Calprotectin Test serves as
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a biomarker that indicates intestinal inflammation. Colonoscopy with biopsy is
considered the gold standard for confirming Crohn’s disease, as it allows for the
identification of ulcers, strictures, and granulomas in the gastrointestinal tract.
Magnetic Resonance Enterography (MRE) is one of the imaging methods for visu-
alizing strictures and inflammation, especially in the small intestine. Serology also
plays an important role in differentiating between ulcerative colitis and Crohn’s
disease by identifying certain antibody markers like ASCA (anti-Saccharomyces
cerevisiae antibodies) and pANCA (perinuclear anti-neutrophil cytoplasmic anti-

bodies) [5].

TABLE 2.2: Clinical Presentation of Crohn’s Disease by Affected Site

Location Af- Common Symptoms  Clinical Notes Prevalence
fected (%)

Ileum and Diarrhea, cramping, ab- Most frequently ob- 35%

Colon dominal discomfort, un- served form

intentional weight loss
Colon Alone Diarrhea  with rectal More prone to skip le- 32%

bleeding, perirectal sions and joint-related

pain, fistulae, anal ul- symptoms

cers
Small Intestine Cramping, abdominal Can lead to serious com- 28%
Only pain, diarrhea, weight plications such as ab-

loss scesses or fistulas
Gastroduodenal Loss of appetite, nausea, Least common type; 5%
Region vomiting, weight loss may result in bowel

obstruction

2.4 Available Treatments for Crohn’s Disease

2.4.1 Pharmacological Treatments

Aminosalicylates are commonly used for mild cases of Crohn’s disease (CD), but

they are less effective compared to their use in ulcerative colitis. Corticosteroids
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are very effective in decreasing inflammation, but when used in the long term,

they may have some important side effects.

Immunosuppressants, such as Azathioprine and Methotrexate, help control Crohn’s
disease by reducing immune system overactivation. Biologic therapies, including
Infliximab and Adalimumab, specifically target the tumor necrosis factor-alpha
(TNF-a) for effective modulation of inflammation and, subsequently, disease pro-

gression [6].

2.4.2 Surgical Interventions

Approximately 50% of CD patients require surgery due to complications such as
intestinal strictures or fistulas. The most common procedure is ileocecal resection,

where the diseased portion of the intestine is removed [7].

2.4.3 Emerging Therapies

Fecal Microbiota Transplantation (FMT) treatment technique that seeks to re-
establish the balance of gut microbiota through the transfer of healthy donor fecal

microbiota into the gut of Crohn’s disease patients.

Stem cell therapy is currently under investigation as a possible treatment of
Crohn’s disease, with a focus on its role in regulating immune responses and pro-

moting intestinal tissue repair.

2.5 Causes of Crohn’s Disease

2.5.1 Genetic Causes

Over 200 genetic loci are linked with the disease called Crohn’s disease or CD.

The NOD2 gene mutation is the most significant genetic risk factor, impairing
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bacterial recognition and immune response. Other genes involved in CD include

IL23R (inflammatory response) and ATG16L1 (autophagy regulation) [8].

2.5.2 Non-Genetic Causes

Smoking is a significant threat to Crohn’s disease, increasing its likelihood of
developing the condition by two to three times. Dietary habits also play a crucial
role, with high-fat and processed diets contributing to increased gut inflammation

and worsening disease symptoms.

Additionally, gut dysbiosis, linked with a reduction in Faecalibacterium praus-
nitzii, which is good bacteria, results in heightened inflammation and disruption

of intestinal homeostasis [9].

2.6 Risk Factors of Crohn’s Disease

Crohn’s disease is a major threat to patients with a family history of this disease,
with first-degree relatives of affected individuals having a 5 to 10 times higher risk

of developing the condition.

The application of antibiotics, especially in childhood, has been found to increase

the risk of Crohn’s disease, likely due to its impact on gut microbial composition.

An imbalance in gut microbes is characterized by a rise in Proteobacteria and a
fall in Firmicutes, disrupts gut homeostasis, and contributes to chronic intestinal

inflammation [10].
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FIGURE 2.5: Risk factors of Crohn’s Disease [27]

2.7 Gut Microbiota’s Role in Crohn’s Disease

The gut microbiota has a central role in CD pathogenesis:

Dysbiosis, an imbalance of microbes in the gut, is a central characteristic of
Crohn’s disease and is defined by the loss of protective bacteria like Faecalibac-
terium prausnitzii and overgrowth of disease-causing bacteria like Escherichia coli.
Immune modulation is strongly regulated by metabolites of microbes, most no-
tably short-chain fatty acids (SCFAs), which are important in the regulation of

inflammation and the maintenance of gut homeostasis.

Moreover, increased permeability of intestines, also termed "leaky gut,” ensues due
to dysbiosis, resulting in increased immune activation and chronic inflammation

in Crohn’s disease patients [11].
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FIGURE 2.6: An overview of the inflammatory mechanisms contributing to
Crohn’s disease progression with gut dysbiosis [28]

2.8 Metagenomics Analysis in Crohn’s Disease

To analyze the role of bacterial species or infection in the disease, a traditional
genomics approach is utilized, the exploration of complete genetic information of
a single selected microbial species, while to have a complete picture of all the
microbial species involved in the disease, a metagenomic approach is used. The
metagenomic approach utilizes two approaches, including sequence-based analysis

and functional-based analysis.

The comprehensive information provided by metagenomic analysis includes alpha
diversity which is diversity of species within single sample i.e. in this case the
microbial species present in a patient suffering with Crohn’s disease. Beta diver-

sity on other hand provides the difference in microbial community composition
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between different samples i.e. the differences of microbial species between healthy

individuals and Crohn’s disease patients.

TABLE 2.3: Metagenomics enables culture-independent microbiome analysis

Step Description
DNA Extraction Collecting microbial DNA from stool samples
Shotgun Sequencing High-throughput sequencing of entire microbial genomes

Bioinformatics Analysis Identifying bacteria and their functional pathways

Statistical Modeling Correlating microbiome changes with CD severity [12]

2.9 Taxonomic Classification of Bacteria in CD

As gut microbial species are among the major contributors in the risks of Crohn’s
disease, the metagenomic profiling can help us understand the role that how these
microbial species are contributing in disease onset and severity of symptoms. The
published studies reveal that in the case of Crohn’s disease not only the bacterial
species but virome also plays a significant role. But more reliabel data is avail-
able in case of bacterial species where they contribute functional in bacterial host

interactions, carbohydrate metabolis and alterations in many pathways.

TABLE 2.4: Metagenomic studies classify bacteria using 16S rRNA sequencing

Phylum Change in CD Patients Effect

Firmicutes J Decreased Lower SCFA production
Proteobacteria 1 Increased Gut inflammation
Bacteroidetes J Decreased Impaired digestion
Actinobacteria 1 Increased Pathogenic overgrowth [13]

2.10 Multivariate Association Studies in CD

Multivariate analysis is a powerful statistical approach used to identify correla-
tions between the microbiome and Crohn’s disease. PERMANOVA (Permuta-
tional Multivariate Analysis of Variance) is often used to test changes in microbial

diversity in healthy subjects and patients with Crohn’s disease. LEfSe (Linear
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Discriminant Analysis Effect Size) is another key analytical method that helps
identify specific bacterial biomarkers associated with disease progression. Addi-
tionally, machine learning or ML, models are increasingly being utilized to forecast
disease outcomes by examining complex microbiome reads and identifying patterns

linked to Crohn’s disease severity and treatment efficacy [14].
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Research Methodology
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FiGURE 3.1: Research Methodology

3.1 Data Acquisition

To investigate taxonomic biomarkers and microbial associations in Crohn’s Dis-
ease (CD), publicly available Whole Genome Shotgun (WGS) sequencing data
19
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were retrieved from the NCBI Sequence Read Archive (SRA) under Project ID
PRJNA400072. This dataset included, To support downstream multivariable as-
sociation analyses, corresponding metadata were obtained from the NCBI Bio
Sample database. These metadata included relevant clinical and demographic
information necessary for statistical modeling and association studies. All raw se-
quencing data were retrieved and processed using the KBase online platform. The
"Import SRA File as Reads from Web - v1.0.10” tool was employed to efficiently

import sequencing reads directly from the SRA repository.

3.2 Data Preprocessing

Data preprocessing is a critical step in the data analysis pipeline, ensuring data
quality and integrity for accurate and meaningful analysis. Proper preprocessing
enhances the reliability of downstream computational analyses, leading to more
robust and reproducible results. Ensuring high-quality sequencing data is crucial
for reliable downstream analyses. The preprocessing steps included quality con-
trol (QC) of sequencing reads and removal of host-derived sequences to minimize

contamination.

3.3 Quality Control (QC)

Quality control was performed on all samples using FastQC (v0.12.1) to evaluate

key sequencing metrics, including:

Per-base sequence quality scores

GC content distribution

Adapter contamination

Overall read statistics (read length, duplication levels, etc.)
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This step ensured that low-quality reads and potential sequencing artifacts were

identified before further processing.

3.4 Adapter and Low-Quality Base Removal

To eliminate adapter sequences and trim low-quality bases, Trimmomatic (v0.39)

was employed with the following parameters:

Adapter Clipping Parameters

Adapter type: TruSeq2-PE

o Seed mismatches: 2 (Maximum mismatch count for aligning adapter se-

quences)

 Palindrome clip threshold: 30 (Threshold for removing adapter fragments in

paired end reads)

o Simple clip threshold: 10 (Threshold for removing adapter sequences in sin-

gle end reads)

3.5 Host Read Removal

Metagenomic datasets often contain contaminant sequences originating from the
host organism, which can lead to false-positive results in microbial analysis. Since
this study focuses on the gut microbiome, human-derived reads were removed to
ensure that only microbial sequences were retained. The BBDuk script (included in
the BBTools suite) was used to filter out host-derived reads by mapping sequencing

reads against the GRCh38 human genome reference. The steps involved:

o Aligning metagenomic reads to the GRCh38 reference genome.

» Removing host-aligned reads from the dataset.
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» Retaining only non-host microbial reads for subsequent analysis.

After host read removal, FastQC was rerun to reassess the quality of the post-
processed data, ensuring that the dataset was clean and suitable for taxonomic

profiling and multivariable association analysis.

3.6 Taxonomic Classification

Taxonomic classification of metagenomic reads was performed using Kaiju v1.9.0
on the KBase online platform, a tool renowned for its protein-level classifica-
tion approach, which significantly enhances sensitivity in detecting microbial taxa
from complex metagenomic datasets. For this analysis, Kaiju’s default reference
database, comprising either the NR or RefSeq database, was employed to ensure
comprehensive and accurate taxonomic identification. To balance precision and
computational efficiency, a minimum match length of 11 amino acids was applied,
ensuring that only sequences meeting this threshold were classified. Additionally,
to optimize processing time, 10% of the total reads were randomly subsampled for
analysis, with a single replicate run (subsample replicates set to 1) to maintain
consistency in the subsampling process. Taxonomic assignments were generated
across six hierarchical levels: Phylum, Class, Order, Family, Genus, and Species,
providing a detailed and structured representation of the microbial community
composition within the dataset. The use of Kaiju v1.9.0 ensured robust and effi-
cient taxonomic profiling while maintaining high sensitivity in identifying diverse

microbial taxa.

3.7 Abundance Estimation

Kaiju performed abundance estimation to determine the relative distribution of
microbial taxa within the dataset. The number of reads assigned to each taxon was
recorded across six taxonomic levels: Phylum, Class, Order, Family, Genus, and

Species, providing a comprehensive overview of microbial composition. Relative
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abundance was calculated by determining the proportion of reads assigned to each
taxon relative to the total number of classified reads. To minimize noise and focus
on biologically relevant taxa, a filtering threshold of 0.5% relative abundance was
applied. Taxa with less than 0.5% relative abundance were excluded from the final
output, ensuring that only the most significant and abundant microbial groups
were retained for downstream analysis. This approach allowed for a clearer and
more accurate representation of the microbial community structure within the

dataset.

3.8 Multivariable Associations Analysis

To identify associations between microbial taxa and key clinical metadata, includ-
ing age, diagnosis (CD vs. Healthy), mesalamine usage, and immunosuppressant
treatment, a multivariable association analysis was performed using MaAsLin2.
This analysis employed a linear regression model to examine the relationship be-
tween microbial species’ relative abundance and clinical variables while adjusting

for potential confounders.

Each microbial species served as a dependent variable, and clinical metadata were
used as independent variables in the model. The regression coefficients (Coef)
represented the direction and magnitude of the association, where positive coef-
ficients indicated increased abundance in the presence of a given clinical condi-
tion (e.g., higher abundance in CD patients), and negative coefficients indicated
decreased abundance (e.g., depletion in CD patients).To control for multiple hy-
pothesis testing, False Discovery Rate (FDR) correction was applied using the
Benjamini-Hochberg method, reducing the likelihood of false-positive associations.
The adjusted g-value was used to determine statistical significance, with q < 0.1
set as the threshold for significant associations. To account for potential con-
founding factors, the model included adjustments for sample size (N = 10) and
the presence of features (N.not.0), ensuring that only microbial taxa present in
a sufficient number of samples were considered. Additionally, normalization was

applied where necessary to standardize the data distribution.
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Results and Discussion

4.1 Data Acquisition

This table provides a structured overview of the Whole Genome Shotgun (WGS)
sequencing samples used for taxonomic biomarker identification and multivariable
association analysis. The dataset consists of five Crohn’s Disease (CD) samples
and five Healthy Control (HC) samples, retrieved from the NCBI Sequence Read
Archive (SRA) under Project ID PRJNA400072.

TABLE 4.1: Samples of CD and Healthy

Crohn’s Disease (CD) Samples Healthy Control (HC) Samples

SRR6468520 SRR6468521
SRR6468527 SRR6468642
SRR6468559 SRR6468646
SRR6468560 SRR6468649
SRR6468561 SRR6468680

4.2 Data Preprocessing

To eliminate adapter sequences and trim low-quality bases, Trimmomatic (v0.39)

was used with TruSeq2-PE adapters, allowing up to 2 seed mismatches, a palin-

drome clip threshold of 30 for paired-end reads, and a simple clip threshold of
24
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10 for single-end reads. After trimming, human-derived reads were removed us-
ing BBDuk (BBTools suite) by mapping sequences against the GRCh38 human

genome reference, ensuring only microbial reads were retained.

The process involved aligning reads to the reference genome, discarding host-
aligned sequences, and keeping non-host microbial reads for further analysis. FastQC

was rerun post-processing to confirm data quality

The BBMap command optimizes host read removal by balancing speed and ac-
curacy. The GRCh38 reference genome is used to identify and filter out human-
derived reads, with the nodisk option ensuring that processing occurs in RAM for
faster execution. A minimum identity threshold (minid=0.95) removes reads with
>95% similarity to the human genome, while maxindel=3 limits insertions/dele-

tions to 3 bp, improving alignment precision.

Further optimizations include bwr=0.16 for efficient memory allocation and bw=12
to control bandwidth alignment, balancing speed and sensitivity. The quick match

and fast options enhance alignment speed without compromising accuracy.

Finally, maxsites=1 ensures each read is aligned to only one location, preventing
ambiguous mappings. Together, these parameters enable efficient host read re-
moval, retaining only high-confidence microbial reads for downstream taxonomic

and biomarker analysis.

TRIMMOMATIC RESULTS FOR SRR6468520 (object 186451/42/1)
Input Read Pairs 13716807 (100.0%)
Both Surviving 12118176 (88.3%)
Forward Only Surviving 1395017 (10.2%)

2 (0.4%)

i
J
N

Reverse Only Surviving

Dropped 152852  (1.1%)

FIGURE 4.1: Trimmomatic Results of Crohn’s Disease Sample 1



Results and Discussion 26

TRIMMOMATIC RESULTS FOR SRR6468527 (object 186451/46/1)

Input Read Pairs 13618389 (100.0%)

Both Surviving 11921122 (87.5%)
Forward Only Surviving 1573299 (11.6%)
Reverse Only Surviving 50694  (0.4%)

Dropped 73274  (0.5%)

FIGURE 4.2: Trimmomatic Results of Crohn’s Disease Sample 2

TRIMMOMATIC RESULTS FOR SRR6468559 (object 186451/50/1)

Input Read Pairs 14043827 (100.0%)

Both Surviving 12161516 (86.6%)

Forward Only Surviving 1679689 (12.0%)
Reverse Only Surviving 49639  (0.4%)

Dropped 152983  (1.1%)

FIGURE 4.3: Trimmomatic Results of Crohn’s Disease Sample 3

TRIMMOMATIC RESULTS FOR SRR6468560 (object 186451/51/1)

Input Read Pairs 12817624 (100.0%)

Both Surviving 11321379 (88.3%)
Forward Only Surviving 1332657 (10.4%)
Reverse Only Surviving 42492 (0.3%)

Dropped 121096  (0.9%)

FIGURE 4.4: Trimmomatic Results of Crohn’s Disease Sample 4

TRIMMOMATIC RESULTS FOR SRR6468561 (object 186451/54/1)

Input Read Pairs 12184720 (100.0%)

Both Surviving 10650030 (87.4%)

Forward Only Surviving 1369342 (11.2%)
Reverse Only Surviving 43506  (0.4%)

Dropped 121842  (1.0%)

FIGURE 4.5: Trimmomatic Results of Crohn’s Disease Sample 5
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TRIMMOMATIC RESULTS FOR SRR6468521 (object 186650/23/1)

Input Read Pairs 55193606 (100.0%)

Both Surviving 48342095 (87.6%)

Forward Only Surviving 5485020  (9.9%)
Reverse Only Surviving 360354 (0.7%)

Dropped 1006137  (1.8%)

FIGURE 4.6: Trimmomatic Results for Healthy Control Sample 1

TRIMMOMATIC RESULTS FOR SRR6468642 (object 186650/50/1)

Input Read Pairs 6571131 (100.0%)
Both Surviving 6167818 (93.9%)
Forward Only Surviving 266986  (4.1%)

Reverse Only Surviving 101171 (1.5%)

Dropped 35156  (0.5%)

FIGURE 4.7: Trimmomatic Results for Healthy Control Sample 2

TRIMMOMATIC RESULTS FOR SRR6468646 (object 186650/34/1)

Input Read Pairs 12027088 (100.0%)

Both Surviving 11637779 (96.8%)

Forward Only Surviving 270311  (2.2%)
Reverse Only Surviving 82667  (0.7%)

Dropped 36331 (0.3%)

FIGURE 4.8: Trimmomatic Results for Healthy Control Sample 3

TRIMMOMATIC RESULTS FOR SRR6468649 (object 186650/37/1)

Input Read Pairs 8358074 (100.0%)

Both Surviving 7970318  (95.4%)

Forward Only Surviving 209207  (2.5%)
Reverse Only Surviving 145728 (1.7%)

Dropped 32821  (0.4%)

FIGURE 4.9: Trimmomatic Results for Healthy Control Sample 4
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TRIMMOMATIC RESULTS FOR SRR6468680 (object 186650/11/1)

Input Read Pairs 14220774 (100.0%)

Both Surviving 12542115 (88.2%)

Forward Only Surviving 1509573 (10.6%)
Reverse Only Surviving 45372 (0.3%)

Dropped 123714 (0.9%)

F1GURE 4.10: Trimmomatic Results for Healthy Control Sample 5

4.3 Taxonomic Classification & Abundance Es-

timation

In comparative analysis of microbial composition between Crohn’s Disease (CD)
and healthy samples, several key trends emerge. Faecalibacterium prausnitzii, a
well-known beneficial gut bacterium, is significantly more abundant in healthy
samples (17.22%) compared to CD samples (10.03%), highlighting its reduction
in CD and its potential role in gut health. Similarly, Bifidobacterium longum and
Bacteroides uniformis show a higher presence in healthy individuals, indicating a

decrease in CD samples.

On the other hand, Anaerostipes hadrus and Roseburia intestinalis exhibit an
increase in CD samples, suggesting a possible shift in microbial composition asso-
ciated with disease progression. Notably, Lactobacillus gasseri and Enterococcus
faecium are detected exclusively in healthy samples and are completely absent in
CD samples, which may imply their protective or stabilizing role in gut health.
Additionally, Akkermansia muciniphila and Bacteroides stercoris show a marked
decrease in CD samples compared to healthy ones, reinforcing their potential sig-

nificance in maintaining gut microbial balance.

These variations in microbial abundance suggest that CD is associated with a
disruption in the gut microbiome, with a decrease in beneficial bacteria and an

increase in certain taxa that may contribute to disease progression.
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TABLE 4.2: Comparison of Relative Abundance Between CD and Healthy

a0l

Taxon Name Relative Abun- Relative Abun- Increase in
dance CD dance in Healthy CD (%)
(%) (%)

Faecalibacterium prausnitzii 10.03 17.22 -7.19
Bifidobacterium longum 1.73 4.46 -2.73
Bacteroides uniformis 1.56 3.48 -1.92
Phocaeicola vulgatus 2.31 1.95 0.36
Coprococcus comes 1.8 2.17 -0.37
Anaerobutyricum hallii 1.16 1.6 -0.44
Anaerostipes hadrus 2.43 1.46 0.97
Roseburia intestinalis 2.68 1.12 1.56
Ruminococcus gnavus 3.24 2.79 0.45
Akkermansia muciniphila 2.74 7.33 -4.59
Bacteroides stercoris 2.58 5.4 -2.82
Collinsella aerofaciens 3.23 4.62 -1.39
Bifidobacterium adolescentis — 4.31 2.89 1.42
Lactobacillus gasseri 17.68 Not detected 17.68
Enterococcus faecium 9.37 Not detected 9.37
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FIGURE 4.16: Classification of Crohn’s Disease Sample at Species level

At the phylum level, the gut microbiome was dominated by Proteobacteria and Fir-
micutes, collectively comprising over 70% of classified sequences, aligning with dys-
biosis patterns in Crohn’s Disease. Actinobacteria and Bacteroidetes were present

in lower proportions (<10%).

At the class level, Gammaproteobacteria (e.g., Enterobacteriaceae) and Clostridia
were highly abundant, reflecting inflammatory and anaerobic metabolic environ-
ments. Orders Enterobacterales and Bacteroidales were dominant, consistent with
CD-associated microbial shifts. Family-level analysis showed an imbalance be-

tween pro-inflammatory Enterobacteriaceae and protective Lachnospiraceae.

Notably, a significant proportion of sequences remained unclassified at the genus
(~30%) and species (~50%) levels, highlighting potential novel taxa or database

limitations.
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The gut microbiome analysis revealed distinct taxonomic compositions across mul-
tiple levels. Firmicutes and Bacteroidetes were the most abundant phyla, essen-
tial for digestion, immune modulation, and gut barrier integrity. Actinobacte-
ria (including Bifidobacterium) and Proteobacteria were present in smaller pro-
portions, while Verrucomicrobia (Akkermansia muciniphila) contributed to gut
health. At the class level, Clostridia (Firmicutes) and Bacteroidia (Bacteroidetes)
dominated, with Bacilli (Lactobacillus, Streptococcus) and Actinomycetia (Bifi-
dobacterium) also present. Bacteroidales and Eubacteriales were the predomi-
nant orders, with beneficial groups such as Lactobacillales and Bifidobacteriales
playing key roles in gut homeostasis.At the family level, Lachnospiraceae and
Bacteroidaceae were prominent, known for producing anti-inflammatory short-
chain fatty acids (SCFAs) like butyrate. Other families; including Bifidobacte-
riaceae, Lactobacillaceae, and Akkermansiaceae, contributed to gut stability.Key
genera included Bacteroides, Blautia, Lactobacillus, Bifidobacterium, Roseburia,
and Akkermansia, playing roles in fiber fermentation, probiotic effects, and gut
barrier function. Beneficial species such as Faecalibacterium prausnitzii (butyrate
producer), Akkermansia muciniphila (gut barrier enhancer), Bifidobacterium longum,
and Roseburia intestinalis were identified, alongside commensals like Bacteroides

thetaiotaomicron and Phocaeicola vulgatus, supporting polysaccharide metabolism.

4.4 Multivariable Associations Analysis

4.4.1 Associations Between Microbial Taxa and Diagnosis

Microbial taxa analysis revealed strong positive associations with Crohn’s Disease
(CD), particularly for Alistipes indistinctus (coef = 1.00, qval = 4.58e-60) and
Prevotella copri (coef = 1.00, qval = 4.62e-60), both of which were significantly
enriched in CD patients compared to healthy controls. Additionally, Fusobac-
terium nucleatum (coef = 1.00, qval = 2.26e-59) demonstrated a robust positive
correlation with CD, suggesting its potential role in disease pathogenesis.Moderate

positive associations were observed for Ruminococcus gnavus (coef = 4.13, qval =
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0.036) and Bacteroides fragilis (coef = 0.94, qval = 0.057), indicating their rel-
ative enrichment in CD patients. While their associations were not as strong as
the taxa above, their presence suggests a shift in microbial composition associated
with CD. These findings highlight specific bacterial species that may serve as po-
tential biomarkers for CD, reflecting disease-specific dysbiosis and alterations in

gut microbiome composition.
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FIGURE 4.23: Strong Positive Associations between diagnosis and Alistipes
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FIGURE 4.27: Moderate Positive Associations between diagnosis and Bac-
teroides fragilis

4.4.2 Associations Between Microbial Taxa and Age

The analysis revealed notable associations between microbial taxa and age. Parabac-
teroides merdae (coef = -0.46, qval = 0.063) and Blautia hansenii (coef = -0.26,
qval = 0.063) exhibited a negative correlation with age, indicating a decline in
their abundance as individuals get older. In contrast, Phocaeicola dorei (coef =
0.26, qval = 0.063) showed a positive association with age, suggesting an increase

in its abundance over time.

These findings suggest that age-related shifts in the gut microbiome may play a

role in microbial dysbiosis, potentially influencing gut health in older individuals.
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FIGURE 4.29: Negative association between age and Parabacteroides merdae
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F1GURE 4.30: Positive Association was found between Age and Phocaeicola
dorei

4.4.3 Associations Between Microbial Taxa and Mesalamine

Usage

The analysis identified significant microbial associations with mesalamine treat-
ment. Alistipes onderdonkii (coef = 0.59, qval = 4.58e-60) and Phocaeicola dorei
(coef = 1.65, qval = 0.00016) were positively associated with mesalamine use,
indicating their enrichment in patients undergoing this treatment. Conversely,
Collinsella stercoris (coef = -0.32, qval = 2.26e-59) and Bifidobacterium pseu-
docatenulatum (coef = -0.32, qval = 1.13e-58) exhibited a negative association,

suggesting a reduction in their abundance with mesalamine therapy.

These findings highlight the potential impact of mesalamine on gut microbiome
composition, which may influence its therapeutic effects in inflammatory bowel

disease management.
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FIGURE 4.31: Positive Associations between Mesalamine usage and Alistipes

onderdonkii
FDR: 1.603e-04
Coefficient: 1.65e+00
Value: mesalamine
6 ~
°
o
o
g
©
M
Q
E ]
o 24
o]
0 —
L] L
I’Q."\ ,,'\'\
Q\S‘ N
mesalamine

FI1GURE 4.32: Positive Associations between Mesalamine usage and Phocaeicola
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FIGURE 4.33: Negative Associations between Mesalamine usage and Collinsel
stercoris
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FIGURE 4.34: Negative Associations between Mesalamine usage and Bifidobac-
terium pseudocatenulatum

4.4.4 Steroid Use and Microbial Shifts

The analysis revealed significant associations between microbial taxa and steroid
treatment. Negative associations were observed for Alistipes indistinctus (coef =
-0.42, qval = 4.58¢-60) and Clostridium innocuum (coef = -0.42, qval = 9.22e-

60), indicating that these taxa were less abundant in individuals receiving steroid
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treatment. Conversely, positive associations were found for Collinsella stercoris
(coef = 0.42, qval = 2.19¢e-59) and Bifidobacterium pseudocatenulatum (coef = 0.42,
qval = 1.06e-58), suggesting that these species were enriched in steroid-treated
individuals. These findings imply that steroid therapy may suppress inflammation-
associated bacteria while promoting taxa that could play a role in gut homeostasis,

potentially influencing therapeutic outcomes in Crohn’s Disease management.
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FI1GURE 4.35: Positive Associations of Steroid usage and Collinsella stercoris

25 FDR: 1.055e-58
. Coefficient: 4.22e-01
e Value: steroids
£ 2.0
-
c
@
3
8 1.5
=1
&
a
£
3 1.0
]
T
i
2 0.54
=
o
0.0 4 C ———C —
L L)
PR )
,\\0 Q\°
steroids

FIGURE 4.36: Positive Associations of Steroid usage and Bifidobacterium pseu-
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FIGURE 4.37: Negative Associations of Steroid usage and Alistipes indistinctus
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FIGURE 4.38: Negative Associations of Steroid usage and Clostridium in-
nocuum

4.4.5 Associations Between Microbial Taxa and Immuno-

suppressant Treatment

The use of immunosuppressants was associated with significant reductions in cer-
tain microbial taxa. Strong negative associations were observed for Alistipes in-

distinctus (coef = -0.42, qval = 4.58e-60), Prevotella copri (coef = -0.42, qval =
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6.81e-60), and Blautia hansenii (coef = -1.41, qval = 0.00047), indicating that
these species were significantly depleted in individuals undergoing immunosup-

pressant therapy.

Additionally, moderate negative associations were noted for Clostridium hyle-
monae (coef = -0.53, qval = 8.08e-59) and Ruminococcus gnavus (coef = -1.69,
qval = 0.065), suggesting a trend toward reduced abundance in treated individu-
als. These findings suggest that immunosuppressants may influence gut microbial
composition by suppressing taxa linked to inflammation, potentially affecting mi-

crobial homeostasis and overall gut health in Crohn’s Disease patients.
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FIGURE 4.39: Negative Associations of Immunosuppressants with Alistipes in-
distinctus
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FIGURE 4.42: Moderate Negative Associations of Immunosuppressants with
Clostridium hylemonae
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FIGURE 4.43: Moderate Negative Associations of Immunosuppressants with
Ruminococcus gnavus
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FIGURE 4.44: Moderate Negative Associations of Immunosuppressants with
Flavonifractor plautii

4.5 Visualization of Microbial Taxa Associations

The heatmap visualization highlights the top 50 microbial taxa significantly as-
sociated with key clinical variables, including Crohn’s Disease (CD), immunosup-
pressants, steroids, mesalamine treatment, and age. Strong positive associations
(red) were observed for Alistipes indistinctus and Prevotella copri, both enriched in
CD patients, suggesting their potential as disease biomarkers. Additionally, Pho-
caeicola dorer was positively associated with mesalamine treatment, indicating a
possible role in therapeutic response. In contrast, strong negative associations
(blue) were noted for Blautia pseudococcoides and Clostridium innocuum, which
were significantly depleted with immunosuppressant use, while Collinsella ster-
coris showed a marked reduction in response to steroid treatment. The heatmap
effectively clusters taxa based on their responses to clinical factors, providing a
clear visual representation of microbial shifts that may aid in understanding dis-

ease mechanisms and treatment effects.
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FIGURE 4.45: Heatmap visualization highlighting tthe top 50 microbial taxa
significantly associated with Crohn’s Disease

4.5.1 Visualizations

Krona Chart Krona visualizations were generated for each individual sample
in both the Crohn’s Disease (CD) and Healthy groups, allowing for an interactive
exploration of the microbial community composition. These circular, multi-layered

graphs provide a hierarchical representation of taxonomic classification, enabling
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detailed insights into the relative abundance of different microbial taxa at various
taxonomic levels (phylum, genus, species).For CD samples, the Krona plots reveal
a distinct microbial composition, often characterized by an enrichment of taxa
previously associated with gut dysbiosis and inflammation. In contrast, Healthy
samples display a more balanced microbial profile, with a higher prevalence of
beneficial commensals. The ability to drill down into each taxonomic level within
Krona allows for a comprehensive comparison of microbial diversity across indi-
vidual samples, highlighting the structural differences in gut microbiota between
diseased and healthy states. These visualizations serve as an essential tool for
identifying microbial shifts at an individual level and their potential role in dis-

ease progression.

FIGURE 4.46: Krona Chart Visualization of bacterial species from Crohn’s
disease patient samples with ID SRR6468520
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FIGURE 4.47: Krona Chart Visualization of bacterial species from Crohn’s
Disease patient samples with ID SRR6468527

FIGURE 4.48: Krona Chart Visualization of bacterial species from Crohn’s
Disease patient samples with ID SRR6468559
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FIGURE 4.49: Krona Chart Visualization of bacterial species from Crohn’s
Disease patient samples with ID SRR6468560

FIGURE 4.50: Krona Chart Visualization of bacterial species from Crohn’s
Disease patient samples with ID SRR6468561
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FiGURE 4.51: Krona Chart Visualization of bacterial species from Healthy
Control samples with ID SRR6468521

FIGURE 4.52: Krona Chart Visualization of bacterial species from Healthy
Control samples with ID SRR6468642
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FIGURE 4.53: Krona Chart Visualization of bacterial species from Healthy
Control samples with ID SRR6468646

FIGURE 4.54: Krona Chart Visualization of bacterial species from Healthy
Control samples with ID SRR6468649
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FIGURE 4.55: Krona Chart Visualization of bacterial species from Healthy
Control samples with ID SRR6468680

4.6 Comparison of Taxon Abundance in CD VS
Healthy

The heatmap highlights microbial shifts in Crohn’s Disease (CD), with Ruminococ-
cus gnavus, Enterococcus faecium, and Bacteroides stercoris enriched in CD, in-
dicating inflammation and dysbiosis. In contrast, beneficial taxa like Faecalibac-
terium prausnitzii, Roseburia intestinalis, and Akkermansia muciniphila are sig-
nificantly depleted, reflecting impaired gut barrier integrity and reduced SCFA
production. Some taxa, such as Bifidobacterium adolescentis and Lactobacillus
gasseri, show variable trends. The color gradient (positive values indicating higher
abundance in healthy samples and negative values in CD) underscores a loss of
protective bacteria and an expansion of pro-inflammatory species, aligning with

known CD-associated dysbiosis and potential targets for therapeutic intervention.
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Heatmap of Taxon-Level Abundance in CD vs. Healthy Samples
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FIGURE 4.57: Heatmap Illustrating Taxon-Level Abundance in Samples from
Individuals with Crohn’s Disease Compared to Healthy individuals
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4.7 Discussion

The gut microbiome in Crohn’s Disease (CD) exhibits significant dysbiosis, with
an enrichment of pro-inflammatory taxa such as Alistipes indistinctus, Prevotella
copri, and Ruminococcus gnavus and a depletion of beneficial taxa like Faecal-
ibacterium prausnitzii and Roseburia intestinalis. These alterations support the
“inflammogenic microbiome” hypothesis, where pathogenic microbes contribute
to mucosal inflammation, while anti-inflammatory butyrate producers are sup-
pressed. Therapeutic interventions further modulate microbial composition, as
immunosuppressants reduce Blautia pseudococcoides and Clostridium innocuum,
mesalamine promotes Phocaeicola dorei and Alistipes onderdonkii, and steroids
suppress Alistipes while increasing Collinsella stercoris, a taxon linked to bile acid
metabolism. Age-related changes, including declines in Parabacteroides merdae
and Blautia hansenii, suggest that microbiome shifts could influence CD severity
in older individuals. Despite robust statistical adjustments using FDR correc-
tion (q < 0.1), the study’s small cohort size (N = 10) limits its generalizability,
warranting further validation in larger, multi-center cohorts. These findings have
translational potential, with microbial signatures like Alistipes and Ruminococcus
gnavus serving as potential biomarkers, while microbiome-targeted interventions
such as probiotics or fecal microbiota transplantation (FMT) could help restore
beneficial taxa. Moving forward, precision medicine approaches incorporating mi-
crobial profiles may optimize treatment strategies, while functional studies are

needed to clarify whether dysbiosis is a cause or consequence of CD pathology.



Chapter 5

Conclusion and

Recommendations

5.1 Conclusion

This study reinforces the central role of gut microbiome dysbiosis in Crohn’s
Disease (CD) pathogenesis. Advanced metagenomic and multivariable associa-
tion analyses identified clear microbial signatures differentiating CD patients from

healthy individuals.

Key findings include a notable enrichment of pro-inflammatory taxa such as Alis-
tipes indistinctus, Prevotella copri, and Fusobacterium nucleatum in CD, alongside
a significant depletion of beneficial microbes like Faecalibacterium prausnitzii and

Roseburia intestinalis.

The gut microbiome profile also varied with treatment strategies, where immuno-
suppressants and steroids induced measurable shifts in microbial composition,
while mesalamine therapy appeared to promote beneficial species like Phocaeicola

doret.

Furthermore, age-related dynamics revealed a decline in important gut commensals
over time, which may contribute to disease progression or variability in clinical

outcomes.

59
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Despite the robust methodology and statistical rigor, the study acknowledges its
limitations, particularly the small sample size, highlighting the need for validation

across larger, more diverse populations.

Overall, the results underline the importance of the gut microbiome as both a
marker and potential modulator of Crohn’s Disease, paving the way for microbiota-

informed diagnostic and therapeutic innovations.
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FIiGURE 5.1: Conclusion and achievement of research objectives

5.2 Future Recommendations

Future research into Crohn’s disease (CD) must prioritize the expansion of study
cohorts by incorporating larger, multi-center populations. This approach would
enhance the statistical strength of findings and provide a more comprehensive
validation of the taxonomic biomarkers identified in current studies. Alongside
cohort expansion, there is a pressing need to integrate various functional multi-
omics approaches—such as metagenomics, metatranscriptomics, metaproteomics,
and metabolomics. By doing so, researchers can achieve a more nuanced and
functional understanding of the microbial alterations that occur in CD, offering

insights beyond mere compositional shifts.
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Equally important is the incorporation of longitudinal study designs that track
microbial dynamics over time. Observing the gut microbiome throughout different
stages of disease progression—such as flares, remission, and treatment responses—
can reveal critical patterns that cross-sectional analyses often miss. In parallel,
the concept of personalized microbiome therapeutics should be further explored.
Tailored interventions, including specific probiotics, prebiotics, or precision fecal
microbiota transplantation (FMT), could significantly improve patient outcomes

by aligning treatments with individual microbial profiles.

To uncover causal relationships rather than just associations, mechanistic studies
using experimental models like germ-free mice are essential. These models can help
determine whether specific microbial imbalances actively contribute to intestinal
inflammation in CD. Beyond the lab, there’s a growing need for public health
initiatives that educate communities—especially in newly industrializing nations
like Pakistan—about modifiable risk factors such as smoking and poor diet, both

of which can increase susceptibility to CD.

Finally, advancing microbiome-based diagnostics could revolutionize how CD is
detected and managed. Developing rapid, non-invasive testing methods based
on microbial biomarkers would not only facilitate early diagnosis but also aid
in tailoring treatments more effectively, ultimately leading to better long-term

management of the disease.
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