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Summary of main findings

Part 1: Concomitant microbiota impacts after faecal microbiota 
transplantation for recurrent Clostridioides difficile infections
Clostridioides difficile is a Gram-positive bacterial pathogen that causes gastrointestinal 
infections and forms spores that are resistant to antibiotic treatment. Besides, C. difficile 
thrives in an antibiotic-depleted gut microbial environment, leading to a high incidence 
of recurrent infections. Recurrence rates after first infection are 15-30%, and 40-65% 
after one or more recurrences1. Faecal microbiota transplantation (FMT) has proven to 
be an effective method to restore the gut microbiota and prevent further recurrences 
of C. difficile infections (CDI). Furthermore, FMT serves as an interesting model for 
studying the transfer of human gut microbiota. This first part of the thesis leverages 
FMT data from multiple recurrent CDI patients to study effects on other potentially 
harmful bacteria.

Chapter 2 focuses on a recently discovered microbial risk factor associated with the 
development of colorectal cancer: colibactin-producing (pks+) Escherichia coli. We 
screened stool metagenomic data from FMT recipients and their respective healthy 
donors to assess the presence of E. coli and the pks operon. The objective was to 
determine both the presence and relative abundance of E. coli in general, and the 
subpopulation capable of producing colibactin. Thereby we also assessed the effect 
of FMT on this putative carcinogenic bacterium. We found that pks+ E. coli was present 
in donors and FMT-treated patients, and decreased in patients after FMT, which 
was correlated with the absence of pks+ E. coli in the donor. We found no evidence 
supporting the transmission of pks+ E. coli from donor to patient. Consequently, we 
conclude that FMT affects putatively carcinogenic E. coli by reducing their presence and 
abundance, particularly when the donor is free of the pks+ E. coli variant. Our results 
suggest that FMT is more likely to mitigate the risk of colonisation by carcinogenic 
bacteria rather than elevate the risk through bacterial transfer. This proof of concept 
may inspire the development of microbiota-based therapies aiming to prevent the 
development of colorectal cancer.

In chapter 3, we studied more FMT sample triads (comprising donor, patient before 
FMT, and patient after FMT) along with long-term follow-up samples. Through a 
combination of traditional bacterial culture, whole-genome sequencing (WGS) and 
metagenomic sequencing, we extensively characterised antibiotic resistance in this 
cohort and evaluated the effect that FMT exerted on antibiotic-resistant bacteria. 
Our results indicated that FMT reduced the prevalence of multidrug-resistant (MDR) 
bacteria in patients. WGS combined with metagenomics suggested that MDR bacteria 
may persist post-FMT, although their relative abundances were significantly reduced, 
making them harder to detect. Further analysis of the metagenomic data showed 
that the relative abundance of antibiotic resistance genes (ARG) decreased after FMT, 



213

General Discussion

while the richness of these genes remained unchanged. Computational predictions 
identified which ARG-containing contigs were plasmid-derived and we found their 
quantity was not significantly affected by FMT. In summary, we hypothesise that FMT 
may effectively reduce MDR bacteria and ARG abundance, potentially decreasing the 
risk of infection. However, it appears that FMT may not completely eradicate antibiotic-
resistant bacteria from the gut microbiome. Thus, FMT could serve as an additional 
strategy for combatting the spread of antibiotic resistance within a patient population 
that is at increased risk of bacterial infections.

Part 2: Microbiota alterations following faecal microbiota 
transplantation for ulcerative colitis
Ulcerative colitis (UC) is a form of inflammatory bowel disease characterised by 
chronic inflammation of the colon, which is associated with alterations in gut microbial 
composition and function. A randomised clinical trial was conducted to assess the safety 
of FMT in these patients, and data were collected to evaluate bacterial colonisation 
of the recipients’ gastrointestinal tracts, both with and without anti-inflammatory 
pretreatment. Chapters 4-6 describe analyses of this dataset and the changes in gut 
microbiota following repeated FMT.

Chapter 4 describes the clinical trial and bacterial engraftment using a combination 
of microbiota diversity metrics. We hypothesised that anti-inflammatory pretreatment 
would facilitate colonisation of foreign bacteria. However, our findings indicated that 
the donor had a more pronounced effect on engraftment. Therefore, we conclude that 
donor selection and an improved understanding of how to identify optimal donors may 
be crucial for the success of FMT in UC.

Chapter 5 builds upon the findings of chapter 4 by delving deeper into microbial 
ecology. The main objective was to identify changes in the microbial communities 
correlated with clinical remission. Using a computational modelling approach, we 
defined clusters of bacterial profiles. Among these clusters, we found one associated 
with poorer clinical outcomes, specifically a failure to achieve remission. Conversely, 
a cluster characterised by high relative abundances of Ruminococcaceae and 
Lachnospiraceae was associated with treatment success. Using these broad microbiota 
characteristics, we hypothesised that it may be possible to predict treatment success 
of FMT early after the procedure.

Chapter 6 continues the investigation from chapter 4 and 5, with a combination of 
engraftment analyses with microbiota dynamics of the bacteria present in the patients 
before FMT. This adapted methodology addresses a slightly different question: how do 
the dynamics of donor and patient species correlate with FMT success? We observed 
that patient species present at high relative abundances often persisted after FMT. In 
terms of donor-derived species, moderate and stable colonisation of donor species 

8



214

Chapter 8

was correlated with treatment success, while initial high engraftment followed by loss of 
donor species was indicative of failure to achieve or maintain remission. Taken together, 
we predict that FMT treatment success in UC depends on resilience of the recipient’s 
resident microbiota, combined with the ability to stably incorporate a moderate amount 
of healthy donor-derived microbiota.

Part 3: Global distribution and genome biology of gut bacterium 
Ruminococcus gnavus
Chapter 7 revolves around the gut bacterium Ruminococcus gnavus, which is strongly 
associated with inflammatory bowel disease, specifically Crohn’s disease. At the 
same time, it has been described to be present in around 90% of healthy adults. 
Our objective was to re-evaluate these correlations and elucidate the genomic basis 
of the contrasting host-microbe interactions. We discovered that R. gnavus is more 
prevalent and abundant in conditions such as IBD, type-2 diabetes, hypertension and 
atherosclerotic cardiovascular disease compared to healthy people. This is also true 
for Westernised compared to non-Westernised societies and more in infants and 
young children compared to adults. Based on a large collection of complete and draft 
genomes, we found that bacterial motility may be overrepresented in infant-derived 
strains, and isolates derived from healthy people are phylogenetically and functionally 
different from isolates from Crohn’s disease patients. We conclude that there may 
be distinct subspecies of R. gnavus that co-evolved and adapted to environments or 
lifestyles. Our work shows that within a species there may be several genomically and 
phenotypically distinct variants. Therefore, more nuance is warranted when attributing 
disease to bacterial species or describing host-microbe relations in general.

Finally, chapter 7.2 is a spin-off of chapter 7.1, in which we describe complete 
genomes derived from presumed laboratory contaminants. Our analysis revealed that 
the sequence data from supposed R. gnavus isolates contained DNA from different 
species, prompting us to computationally separate the sequences belonging to 
these various species. This resulted in the identification of seventeen Streptococcus 
genomes, one genome from Bacteroides fragilis and one Staphylococcus capitis. The 
latter two genomes have not been described in the publication; their genomes have 
also been deposited in the European Nucleotide Archive public repository. Although 
the description of these bacteria does not fit the scope of chapter 7, we recognise 
that their genome information could be valuable to the scientific community. As strong 
supporters of open science and the FAIR data principles, we have made these genomes 
publicly available for further research.
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A broader view of FMT and gut microbiota

The further discussion covers the following topics, which extend from the work 
presented here to the broader developments in the scientific field:

Section Page

Unpredictability of FMT: for better or worse 215

FMT for IBD: inducing and maintaining remission remains challenging 216

Finding the balance 217

Monitoring of long-term FMT outcomes 218

Controlling FMT quality 218

Next generation of microbiota therapies 219

Deeper understanding of host-microbiota interactions 221

Gut bacteria as double-edged sword 223

Genomic flexibility and horizontal gene transfer 223

Beyond microbial genomics: what do gut bacteria do? 224

Obstacles in high-throughput biological science 225

The proof is in the microbiological pudding 227

Developments in computational biology and open data 227

Outlook: solving microbiota in health and disease questions 228

Unpredictability of FMT: for better or worse
FMT is a promising therapy for various diseases in which the gastrointestinal 
microbiota plays a role. For example, it can be used to 1) prevent recurrence of C. 
difficile infections2,3, 2) induce remission in IBD4,5, and 3) help relieve symptoms of 
immune checkpoint inhibitor-induced colitis6,7 and gastrointestinal acute graft-
versus-host disease8-10. However, as with any therapeutic intervention there is a risk 
of side-effects11,12. The most reported adverse events relate to the procedure itself 
and the diseases being treated, including increased stool frequency, abdominal pain, 
nausea, and diarrhoea13. The most severe described adverse event is the death of 
an immunocompromised FMT recipient caused by antibiotic-resistant bacteraemia14. 
The bacterial pathogen was obtained from the donor, who had not been screened for 
antibiotic-resistant bacteria. Additionally, there have been reports of self-administered 
FMT from family members providing relief from gastrointestinal symptoms but also 
resulting in the emergence of a seemingly unrelated condition of acne15. Conversely, 
previous studies, including chapters 2 and 3 of this thesis, have shown that FMT 
can also yield beneficial side-effects16-22. Next to resolving CDI recurrences, FMT can 
modulate the gut microbiota by reducing antibiotic-resistant bacteria and putative 
carcinogenic bacteria. This underscores the therapeutic potential of FMT, while also 
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stressing the need for rigorous donor screening, and safe, standardised administration 
methods23,24. Furthermore, the effects of FMT are usually studied on the timescale 
of weeks, while some effect may only arise after years’ time. Therefore, the use of 
registries for both FMT donors and recipients would be useful for monitoring and 
evaluating these potential long-term effects. FMT is a versatile treatment for various 
human microbiome-related health issues that merits further investigation. It should 
only be administered in a professional and controlled setting, with careful monitoring 
of outcomes.

FMT for IBD: inducing and maintaining remission remains challenging
FMT has been repeatedly tested for its potential to treat IBD, particularly ulcerative 
colitis, with variable outcomes5,25. FMT is capable of inducing remission in UC patients, 
but success rates are significantly lower compared to those for multiple recurrent 
CDI, with a mean clinical remission rate of 42% for IBD25, compared to a 92% clinical 
resolution rate for CDI26. To compare, placebo treatment achieved a 22.6% mean 
remission in the IBD trials25. Next to a different aetiology, the difference in treatment 
success may partly be explained by the antibiotic pretreatment used for FMT in multiple 
recurrent CDI (rCDI). The rationale of antibiotic pretreatment is that reducing the 
patients’ existing gut microbiota may facilitate stable introduction of the healthy donor 
microbiota27. While antibiotics are standard therapy for rCDI, they are not typically 
employed in the treatment of IBD. This is but one of the main factors complicating 
one-to-one comparisons between these two conditions and FMT.

It has been hypothesised that a gut microbiota that is more similar to the donors’, 
achieved by high bacterial engraftment, should lead to a healthier and less inflamed 
gastrointestinal tract in IBD patients. To stimulate engraftment, FMT for IBD might 
benefit from similar pretreatment as rCDI, as successfully demonstrated in previous 
studies28. Contrastingly, chapter 4 illustrates that anti-inflammatory pretreatment, 
which is commonly used for symptom management in IBD, does not enhance 
colonisation of donor-derived bacteria. An alternative strategy to increase engraftment 
is to optimally match the donor and recipient microbiota, as suggested in chapter 6 
and other studies29,30. Matching may be done based on gut microbiota enterotypes or 
microbiota distance between donor and recipient30, or based on recipient microbiota 
composition and dysbiosis29. The methodologies to calculate these parameters are not 
standardised, may be dataset-specific, and depend on code and instructions provided 
by the authors. Using microbiota parameters for matching donors to patients requires 
more thorough preparation to gain detailed knowledge of both donor and patient 
microbiota, thereby increasing the resources and expertise needed to administer FMT 
to IBD patients effectively. Nonetheless, how to achieve maximum bacterial transfer 
and colonisation, and whether that is beneficial to the recipient’s health, remains to 
be established.
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Furthermore, IBD is a chronic disease that is unlikely to be cured by a single intervention. 
The disease itself and the proposed treatment mechanisms are entirely different from 
CDI and no immunosuppressive therapy achieves response rates as high as those for 
FMT in rCDI. FMT may be used to reach a state of remission, but to maintain remission 
repeated FMTs28, or alternative microbiota modulating therapies such as prebiotics 
are probably necessary31. On the other hand, if IBD is conceptualised as a chronic 
overreaction of the immune system, like an allergy, a possible treatment approach 
may also be inspired by modern allergy immunotherapies. Several approaches 
have been proposed that target the intestinal immune system and trigger anti-
inflammatory pathways using small molecules or biological agents32. Combining the 
immune system-targeting approach with techniques from vaccine development33, one 
could envision re-training of the immune system by administering microbial surface 
molecules which may be engineered to manipulate the immune response. Or looking 
further, it might be possible to design an mRNA vaccine that helps protect against 
pro-inflammatory bacteria, similar to what has been demonstrated for C. difficile34. 
These lines of therapeutic research may complement one another and necessitate a 
deep understanding of both the gut microbiota and immune system. Which therapy 
or combination of therapies is most efficacious is probably patient-dependent, with a 
variety of host-microbe characteristics being relevant. More trials and multidisciplinary 
research into the interactions between the immune system and gut microbiota are 
needed to assess effectiveness of the different treatment options for IBD.

Finding the balance
The goal of FMT is to restore a functional gut microbiome, a system in which interactions 
between human and microbiota are in balance: a state of homeostasis35-37. It is thought 
that finding a proper match between donor and patient microbiota is necessary to 
re-establish a balanced gut microbiota in the recipient patient. To find this match, 
researchers have experimented using machine learning models to predict optimal 
donor-recipient combinations based on microbiota composition, pretreatment and 
clinical outcome measures27,29,30,38. By using such high-dimensional and rich data, 
solutions may be found that go beyond our current understanding of gut microbiome 
biology.

The optimal complementary donor microbiota for a patient may depend on the disease 
and other factors. In the case of rCDI, the main goal is preventing outgrowth and toxin 
production of C. difficile. Other diseases may likewise be treated by inhibiting specific 
deleterious species, or by shifting the microbiome’s collective metabolism, such as 
with the drug levodopa in Parkinson’s patients39-41. As for other factors that influence 
engraftment and thereby possibly treatment success, the microbiota themselves need 
to adapt to their new environment: the recipient’s colon. The colons of donor and 
recipient will be different in various aspects relevant to the microbiome, including 
their physiology and immunology42-44: they are different ecosystems. Furthermore, 
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the compatibility rate of microbial communities – that is, the extent to which two 
microbiotas can co-exist – may also be influenced by lifestyle factors such as diet or 
physical exercise. These factors have not yet been extensively studied in connection 
with FMT, because the main disease for which it is used, rCDI, has had high success rates 
irrespective of the exact microbiota composition26. In fact, it is striking that although it 
is known that diet and exercise impact the gut microbiota45-47, there appear to be few 
guidelines to provide recipients with advice or support as to what to eat and do after 
FMT. Would it be beneficial for recipients if they adopt their donor’s lifestyle? For how 
long, and what aspects matter most? A 2020 survey among mostly gastroenterologists 
indicated that most FMT experts find it important to consider the diet of both donors 
and recipients48. Moreover, there have been studies on the combined effect of diet 
and FMT49-51, and the Australian Centre for Digestive Diseases has published dietary 
requirements for stool donors prior to donation52. Taken together, there appear to 
be opportunities to include more disciplines into FMT research and thereby further 
optimise the treatment. However, added complexity should not impose barriers on 
stool banks, donors, treating physicians and patients.

Monitoring of long-term FMT outcomes
FMT is not a frequently applied therapy, and its variable composition necessitates 
meticulous monitoring of outcomes. This monitoring is primarily conducted by the 
treating physician and recorded by the stool banks and registries of the FMT providing 
centre. Stool samples may be collected in the weeks following FMT to evaluate microbial 
composition. If the FMT indication pertains a non-chronic illness and the patient reports 
no further complaints, follow-up with the physician typically ends. Consequently, should 
new complaints arise, and the patient turns to another physician, a potential link to 
the FMT may be overlooked. This complicates the long-term evaluation of FMT and 
identification of potential deleterious side-effects, such as carcinogenesis or infection 
with MDR bacteria. To accommodate longer-term monitoring of FMT, initiatives for 
maintaining registries are developed at both national53,54, and international55 levels. 
These registries document the relevant patient history leading to FMT and any 
subsequent events that can be linked to the FMT, i.e., the introduction of donor-derived 
bacteria that cause harm over an extended time period. Examples include colorectal 
carcinogenesis and multidrug-resistant bacterial infections as discussed in chapters 
2 and 3. As more patients are recorded in the registries, the likelihood of identifying 
rare occurrences increases, helping FMT researchers enhance FMT safety. Thus, these 
registries serve as an invaluable tool for advancing our understanding of the long-term 
effects of FMT.

Controlling FMT quality
Quality control for FMT has two primary aims: 1) to prevent deleterious side-effects 
(risk management), and 2) achieve the best possible results (efficacy). Both demand 
a thorough understanding of the faecal microbiota, which can be estimated using 
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different methods. Donor screening is mostly used to mitigate risks associated with 
FMT, but can also help inform about the potential efficacy. The NDFB employs a 
rigorous donor screening protocol, utilising questionnaires addressing risk factors for 
transmissible diseases and conditions associated with a perturbed microbiome. This 
primary screening excludes approximately 70% of volunteers that applied to become 
donors13,23. Exclusion criteria include gastrointestinal complaints, recent antibiotic 
use, travel to countries with endemic gastrointestinal pathogens or MDR bacteria, 
and a family history of IBD23. To predict treatment efficacy, microbial profiling may be 
used. A Chinese research group has published guidelines that incorporate 16S rRNA 
gene sequencing for microbial profiling and a machine learning model that uses a 
random forest approach to match patients with donors based on predefined microbial 
clusters, so-called enterotypes30. Although these methods effectively maintain high 
success rates for rCDI with minimal side-effects, they can only prevent transfer of 
known harmful microorganisms. Microbial profiling before FMT may not be necessary 
for the effectiveness against rCDI, as success rates have been consistently high (~90%) 
regardless of bacterial composition26. It is not technically and financially feasible to 
determine the exact composition of donor faeces and classify all bacteria, fungi, 
viruses, metabolites, and food particles. Besides, if the specific microorganisms and 
metabolites responsible for the therapeutic effects were fully understood, it would be 
more practical to isolate them and compose a conventional medicine administered as 
a capsule. Such a drug is referred to as a live biotherapeutic product (LBP; figure 1) and 
currently under development by several companies56,57. LBPs are discussed in more 
detail below. To conclude, there are several established ways of controlling FMT quality 
and when knowledge regarding the mechanisms of action accumulates for all the target 
diseases, FMT will likely be superseded by human-designed drugs.

Next generation of microbiota therapies
The future of microbiota therapy is anticipated to be centred around LBPs (Figure 1). 
LBPs consist of live microbial organisms selected or developed to treat or prevent 
human diseases56. The primary advantage of LBPs is that their composition is known 
and stable, unlike donor stool, which facilitates regulation as a drug and should 
provide more robust and predictable outcomes. This should also make LBPs safer 
than FMT. However, LBPs as treatment require a deeper understanding of the human 
gut microbiome obtained through research, and requires significant investments in 
trials for regulatory approval. Therefore, LBPs are initially quite expensive, posing 
challenges in competing with FMT. Nevertheless, given their advantages LBPs are likely 
to eventually replace FMT for routine treatments in the long term.

8
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Figure 1. Techniques and aims of microbiome therapies. On the left side, different interven-
tion strategies are listed in blue. Probiotic bacterial strains, microbial consortia and engineered 
bacteria are examples of live biotherapeutic products. The right-side lists in orange targets for 
which microbiota therapies are developed or have been tested successfully. FMT: faecal micro-
biota transplantation, eLBP: engineered live biotherapeutic product. Figure from reference58.

Companies have developed LBPs using various methods and with different aims of 
resolving gastrointestinal complaints. For the treatment of rCDI there are at least five 
products from three different companies: RBX266059, RBX745560, VOWST (formerly 
SER-109)61, VE30362,63, MET-264, and NTCD-M365. These can be broadly categorised 
in three groups. The first two (RBX2660 and RBX7455 from Ferring Pharmaceuticals) 
are derived directly from donor stool and are thus practically identical to ‘traditional’ 
FMT. RBX2660 is a suspension for rectal administration and RBX7455 is a freeze-
dried (lyophilised) product that is administered as oral capsule59,60. Next, MET-2 (from 
NuBiyota), VE303 (from Vedanta Biosciences) and VOWST (from Seres Therapeutics) 
are encapsulated consortia of well-characterised bacteria. RBX2660 and VOWST have 
passed phase 3 clinical trials and have been approved for use against rCDI by the 
U.S. Food & Drug Administration (FDA66,67). RBX7455 and MET-2 have successfully 
completed a phase 1 trial and VE303 is now in a phase 3 trial. NTCD-M3 (from Destiny 
Pharma) is a non-toxigenic strain of C. difficile, which has been administered through 
oral liquid formulation in a phase 2 trial. Furthermore, LBPs for treating IBD are under 
development (GUT-103 and GUT-10868, and VE20269-71). These also consist of well-
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defined bacterial consortia. VE202 (From Vedanta Biosciences) is now at stage 2 clinical 
trials, while GUT-103 and GUT-108 (from Gusto Global) have yet to be tested in a phase 
1 trial. Finally, LBPs have been described that consist of a single bacterial strain, which 
are often genetically engineered to have a specific effect in the gut microbiome56. 
This includes NTCD-M365, E. coli CWG30872, E. coli Nissle 191773-75, and ADS02476. 
As an example application, a strain of E. coli Nissle 1917 engineered to overproduce 
microcin I47 has been found to be effective against multidrug-resistant bacteria56,73. It is 
important to note that this E. coli strain also poses a health risk as discussed in chapter 
2: E. coli Nissle 1917 produces colibactin and may contribute to carcinogenesis77,78. 
This illustrates the need for proper assessment and regulation of probiotics and 
especially the use of genetically modified organisms. This poses challenges for their 
development and market release, particularly in Europe, where approval processes 
are generally more stringent. To summarise, the development of LBPs is costly and 
time-consuming. Until LBPs are approved for use and readily available, FMT remains a 
valuable experimental treatment for gut microbiota-related conditions.

D eeper understanding of host-microbiota interactions
When studying the microbiota, it is common to refer to individual members as species. 
However, as shown in chapters 2, 3 and 7, a microbial species is a group of possibly 
divergent organisms under one umbrella name. Evolution has produced a spectrum of 
different phenotypes, and pathogenicity is not necessarily linked to species (Figure 2). A 
comprehensive understanding of the microbiota requires consideration of this variation. 
Several research groups have studied intraspecies variants from metagenomics data 
in the context of FMT79-88. They have used different bioinformatics approaches to 
differentiate variants based on genomic features, which are summarised below. One 
group of methods relies on pre-built databases to identify and quantify variants of 
known species:
•	 StrainPhlAn relies on a custom database of species-specific markers to identify the 

dominant strain for each species and compare their consensus sequence between 
samples82. StrainPhlAn has been developed further together with MetaPhlAn and 
is now at version 4 with an extended database to capture a greater diversity of 
prokaryotes89.

•	 Strainer utilises genomes of cultured isolates to create a database of unique k-mers 
for each strain and then matches metagenomic reads to these k-mers to quantify 
strains80.

•	 StrainPanDA uses a pangenome-based approach to reconstruct gene content 
variation per strain84.

•	 SameStr uses species-specific marker genes to identify single-nucleotide variants 
but is flexible with databases and can analyse multiple strains per species85.

•	 SNV-FEAST introduces a new single-nucleotide variant signature identification 
method based on read mapping to a custom bacterial reference genome database 
and provides relative abundances of variants in source and sink samples87.

8
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•	 Having a pre-built database facilitates the application of these tools to datasets 
of well-studied microbiomes. Other tools make use of the metagenomic data or 
user-defined references to call variants of any gene or genome, including:

•	 Strain Finder uses a machine learning approach to estimate the optimal number 
of strains from reference genome alignments, and then calculates frequencies of 
these strains across metagenomes79.

•	 inStrain relies on paired-end reads mapped to any reference sequence, which can 
be a metagenome-assembled genome from the same dataset and calls single-
nucleotide variants to distinguish strains in metagenomes81.

•	 STRONG uses de novo assembly of metagenomic reads to identify strains based 
on assembly graphs83.

•	 StrainGE specialises in low-abundance variants and uses read mapping to reference 
genomes, which may be supplied separately by the user86.

•	 ChronoStrain focuses on low-abundant taxa and models variant abundances over 
time with uncertainty quantification using a read-based approach and a custom 
database of user-specified reference marker sequences88.

These tools require additional user input but can handle any microbiome regardless of 
reference databases. While these tools allow for identification of intraspecies variants 
across samples, and some enable studying lowly abundant variants, only StrainPanDA 
explicitly incorporates functional information, which is essential for elucidating host-
microbe interactions.

Sam Nooij

Figure 2. This is not E. coli. What appears to be a harmless commensal may actually be a source 
of infection or harbinger of cancer. A detailed scrutiny of the genome and phenotype is necessary 
to accurately assess the implications of bacteria and the potential effects on its host. After René 
Magritte, La Trahison des Images (1929).

The next step in understanding gut bacterial function is to examine the genomes’ 
encoded functionality. This may be partially achieved by using metagenomics 
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sequencing, which allows for identification of complete genes, representing the 
functional potential. For example, the recently published tool microSLAM takes into 
account population structure within metagenomes and the presence of genes to 
assess associations between species and their genes with diseases90. However, to 
really understand what is going on in the gut microbiome, one should sample not 
only the DNA but also look at mRNA, proteins, and metabolites. The combination of 
these techniques in high-throughput fashion is known as ‘multi-omics’ and discussed 
further below.

Gut bacteria as double-edged sword
Continuing the discussion of intraspecies variation and differences in pathogenicity; 
numerous gut bacteria have been characterised as either beneficial or detrimental to 
the health of their human host (Figure 2). Examples of such ambivalent species include 
Clostridioides difficile91, Escherichia coli92, Akkermansia muciniphila93, Prevotella spp.94-96, 
and Ruminococcus gnavus97. Accurate diagnosis, treatment, and prevention of disorders 
require methods to distinguish harmful or pathogenic bacteria from commensals. Also, 
whether or not a bacterium is seen as pathogen depends on host conditions such as 
immune response. The same bacterium may be harmless when in one person and 
induce severe symptoms in another, for example with immunocompromised patients, 
and this may change over time. Therefore, we need to acknowledge that ‘pathogen’ 
and ‘commensal’ describe behavioural traits rather than fixed entities. Proper context 
is essential to assess these behaviours. For example, C. difficile may reside in the gut 
unnoticed by its host and cause disease upon depletion of the gut microbiota by 
antibiotics. Or particular variants of E. coli may be used as probiotic98, while other 
(shiga toxin-producing) strains are severe pathogens99. A bacterium’s capabilities are 
primarily dictated by its genetic makeup, which can be determined through genomic 
analysis. Exceptions such as horizontal gene transfer aside, the genome determines 
the range of possible behaviours or lifestyles. Therefore, genomics and pangenome 
analyses are valuable tools for initial screening of potential phenotypes.

Genomic flexibility and horizontal gene transfer
A major driver of bacterial evolution and associated genomic diversity is horizontal 
gene transfer (HGT). Bacteria may take up DNA from their environment through various 
mechanisms, which may then be incorporated into their chromosome. Evidence of HGT 
can be found in most bacterial genomes100, and over half of a bacterium’s genes may 
be mobilisable101. These mobile genes may be clinically relevant and encode antibiotic 
resistance102, virulence factors103, and genotoxins like colibactin in E. coli104,105. As 
a result, bacterial strains can rapidly adapt their functions when the opportunity 
arises. This underscores the importance of detailed characterisation methods, and 
several bioinformatics approaches have been devised to study HGT101. Below, I briefly 
summarise those relevant to bacterial genomics and metagenomics data.

8



224

Chapter 8

Extrachromosomal mobile genetic elements such as plasmids can be recovered from 
metagenomes, although the short-read lengths (100-300 bp) typically used pose 
significant challenges to their accurate reconstruction. The presence of sequence 
repeats and sequences shared across different genomes, as well as variable read 
depths make de novo assembly particularly challenging, often resulting in fragmented 
contigs101. Nonetheless, identification of mobile element-derived contigs is possible 
through specific markers by aligning them to a database or using machine learning 
approaches106-109. This method was also applied in chapter 3.

Long-read sequencing, as used in chapter 7, facilitates reconstruction of 
extrachromosomal elements. PacBio’s single-molecule, real-time platform, and Oxford 
Nanopore’s platform generate sequence reads of 10,000 bp and longer. This is sufficient 
to bridge complex insertions and may enable recovery of full plasmids110. However, if 
not combined with culture isolation, linking a complete plasmid to its host organism 
remains difficult. To associate mobile genetic elements with their host, single-cell 
sequencing111,112, and proximity ligation (hi-C) are attractive approaches102,113-115. Both 
can be combined with metagenomics to examine mobile elements in a large number 
of bacteria. These techniques will likely see increased use in the future, and uncover 
many more cases of HGT.

Beyond microbial genomics: what do gut bacteria do?
Back to the topic of omics methods. This thesis relies on genomics data, with a 
focus on bacterial DNA. Genomic methods are ideal for microbial profiling, that is, 
identifying which bacteria are present, essentially answering the question ‘who is 
there?’ Whole-genome sequencing techniques can infer gene presence by employing 
gene prediction tools and known gene databases, and answer ‘what can they do?’ 
To delve deeper into the processes of the microbiome and interactions with the 
host one needs different methods. These include metatranscriptomics to measure 
and identify RNA, metaproteomics to measure the enzymes that are produced and 
metabolomics to measure the products of metabolic activity (Figure 3). This additional 
information is invaluable for understanding the human gut microbiome to the level 
of molecular pathways and for designing effective interventions. Combining several 
of these methods, called multi-omics, is the most powerful approach in decoding 
the gut microbiota and requires specialised computational tools for integration and 
interpretation116,117.
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Figure 3. Sample preparation for multi-omics experiments. DNA, RNA, proteins, and metab-
olites maybe extracted from microbial communities and measured using indicated experimental 
workflows. Afterwards, data may be integrated using computational methods (not shown). Figure 
from reference116.

Obstacles in high-throughput biological science
Modern high-throughput biological omics methods have proven to be very powerful 
in finding host-microbe interactions and formulating new hypotheses118-121. However, 
they are not without limitations. One major limitation is the inevitability of introducing 
sampling bias during sample collection, storage, and biochemical processing122,123. 
Despite being theoretically random and relatively unbiased, different experiments have 
shown that omics methods tend to introduce subtle biases, meaning the resulting 
data may not be entirely random or fully representative124. This also pertains to the 
identifiable taxa from metagenomic data: while metagenomics does not actively select 
for specific organisms, sampling kits and processing methods optimised for stool 
samples tend to predominantly yield bacterial DNA. The taxonomic biases are partly 
attributable to DNA extraction and library preparation protocols125-127, and rely on 
computational databases that tend to reflect well-studied pathogens better than other 
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microorganisms and may contain biases or errors in the related taxonomy128. Therefore, 
to get a comprehensive view of the microbiome, it is still necessary to undertake 
multiple experiments and computational analyses. It may be more worthwhile to 
understand each method’s inherent limitations, find the optimal approach for a given 
research question and report openly on methodological choices122.

Metagenomics tends to rely on species-rank classifications, which may not be detailed 
enough to discriminate between disease-associated bacteria and harmless intraspecies 
variants. Fortunately, commonly used databases and classification methods are 
constantly improving89,129, alleviating this problem. Also, the problem can be 
circumvented by combining the analyses with methods that include gene identification 
or similar functional inference, like employed in chapters 2 and 3.

A significant limitation of metagenomics includes the complexity of generating 
metagenome-assembled genomes (MAGs) from deeply sequenced, short-read 
metagenomes. MAGs depend on de novo assembly and binning tools to reconstruct as 
much of an organism’s genome as can be predicted based on genetic information and 
specialised algorithms. However, this approach is liable to underestimate the genome 
due to 1) missing information because of (quasi-)random sequencing, 2) assembly 
artifacts or failure to correctly piece together all sequencing reads, and 3) binning 
errors, where the algorithm may incorrectly predict which assembled contigs belong 
together130. Within a metagenomic analysis, MAGs may be the best possible descriptors 
of the bacterium from which they derive, but they are typically less complete and more 
error-prone than genomes from cultured isolates. This we illustrated in chapter 7, 
where we show differences in length, completeness and GC content between MAGs 
and isolate genomes of R. gnavus, even though MAGs were predicted to be of high 
quality. Therefore, MAGs suffice for some research questions, but complete genomes 
from isolates are preferred when available.

An important obstacle to the adoption of multi-omics experiments is the high cost117. 
Multi-omics experiments are labour-intensive, require specialised equipment and 
consumables, and are also data-intensive, necessitating specialised computational 
expertise. As a result, only larger and well-funded laboratories have the resources to 
conduct such studies. Besides, depending on the research question, a simpler, more 
cost-effective experimental approach may be more appropriate. For example, when 
the possible targets are known detection by PCR may suffice and is faster and cheaper. 
High-throughput multi-omics experiments have been instrumental to advance our 
knowledge of the human microbiome, but are not the answer to all questions, nor can 
they fully replace traditional methods such as bacterial culture.
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The proof is in the microbiological pudding
Bacterial culture has been the gold standard to identify and characterise bacteria. 
Next to facilitating whole-genome sequencing, cultured bacteria allow further 
experimentation, for example to study interactions with human tissue and the immune 
system. This enables researchers to validate hypotheses generated using computational 
experiments, helping to decode the complexities of the human microbiome. Advances 
in bacterial culturing and the development of high-throughput methods, known as 
culturomics (Figure 4), have greatly expanded the ability to isolate and study a broader 
range of previously unculturable gut microbiota131. Technologies that have accelerated 
culturing of many bacteria to become high-throughput include: 1) image recognition 
software and artificial intelligence (AI) models to identify different colonies on a plate, 
2) robot systems that automatically isolate the bacteria, 3) taxonomic identification 
systems using DNA sequencing or matrix-assisted laser desorption/ionisation-time-
of-flight mass spectrometry (MALDI-TOF). Combined with developments of artificial 
human gut tissue systems132-136, this provides excellent opportunities for studying 
host-microbe interactions.

Figure 4. A state-of-the-art culturomics workflow. 1: The process starts by dividing a biolog-
ical (microbiome) sample and growing the microbiota on different media. Colonies are selected 
based on phenotype, supported by Artificial Intelligence. 2: Selected colonies are automatically 
isolated using a robot and stored separately in a biobank. 3: Strains in the biobank are identified 
using high-throughput genotyping methods such as 16S rRNA sequencing. 4: Isolates are stored 
in the freezer and their information is made public to facilitate their findability and accessibility. 
Figure adapted from reference137.

Developments in computational biology and open data
Omics experiments generate a lot of data which require computers to process and 
interpret to produce biologically meaningful results. This in turn brings its own set 
of opportunities and challenges. One major challenge is the need for specialised 
researchers with expertise in both the biological context and the know-how of the 
computational methods. This requires specialised training, which is fortunately already 
integrated in Dutch universities where all biology programmes offer courses with some 
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form of bioinformatics. The Leiden University Medical Center is taking a next step and 
will include AI training into its medical programme138.

Within the broader context of science, a compelling upside to computation compared 
to traditional wet-lab work is that computers facilitate full reproduction of experiments. 
Theoretically, rerunning a computer program is simpler than reproducing manual 
laboratory protocols. Reproducibility has been underappreciated in scientific research, 
even though it is crucial for validating results and strengthening the foundation of 
derivative works139. This is especially urgent in an era of fake news and a growing 
distrust in science140. Various initiatives aim to improve science’s credibility and 
promote a more transparent evaluation process. For example, there is a broad 
movement of FAIR data: findable, accessible, interoperable, and reusable141. These 
principles are widely adopted, with many funding bodies demanding data to be made 
publicly available in grant applications, and scientific journals requiring data sharing as 
a condition for publication of manuscripts. On a similar note, the FAIR principles have 
been adapted to software142, stimulating the publication of research software and thus 
improving reproducibility. Furthermore, there is a growing interest and appreciation of 
manuscripts preprints, accelerating knowledge dissemination143. These initiatives, and 
more, can give a boost to the credibility of science144, while also stimulating different 
talents within science, a development I sincerely hope will be broadly adopted and 
valued in the scientific community.

Outlook: solving microbiota in health and disease questions
Connecting the pieces laid out here in the discussion, I envision further developments of 
host-microbe interaction studies and Open Science, opening avenues for collaborations 
between researchers of diverse expertise. If bacteriologists, medical microbiologists, 
gastroenterologists, immunologists, biochemists, bioinformaticians, statisticians 
and ecologists put their heads together and integrate their knowledge we can learn 
how the human gut microbiome functions and behaves under varying conditions. 
This approach should also include fungi and viruses as integral components of the 
microbiome121,145-147. A broader perspective is already exemplified in the national and 
international One Health movement148,149, and is further solidified through initiatives 
such as the recently funded Holomicrobiome150. These initiatives aim to unravel all the 
intricacies of the ecosystems inside and around us, providing insights into the biological 
processes leading to disease. Understanding the biological processes helps us prevent 
or control diseases and improve treatment options. This may take the shape of new 
FMT strategies or live biotherapeutic products and lead to a new era of disease control 
and preventive medicine. Also, the timing of treatment may shift to prevent symptoms 
in people whose microbiota indicate an increased risk of developing disease. In this 
future view, fewer people develop disease, and those who do receive optimal therapies 
tailored to their needs.
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