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Abstract 
Bacteria often engage in social interactions with neighbouring bacteria. Ecosystems 
which are subjected to social interactions have been widely studied in well mixed 
settings such as test tubes, allowing us to identify the cellular components contributing 
to fitness. However, such growth condition does not resemble conditions in nature as 
bacteria often co-exist with defined spatial organizations. Furthermore, influences from 
common environmental forces such as fluid flow on bacteria growth is also neglected. 
For example, fluid flow may modulate the concentration landscape of public goods, 
limiting its dispersal to surrounding bacterial communities. Our aim is to systematically 
examine the impacts of fluid flow, relative spatial arrangement and biofilm morphologies 
on the fitness, metabolic activity, and organization of surface-associated bacterial 
communities. We chose to focus our work on the microbial communities found in human 
gut microbiota as the organization and abundance of member species can have a major 
impact on host health. To achieve this, we first developed a novel technique combining 
anaerobic microfluidics and fluorescence confocal microscopy which allowed us to 
identify that the Bacteroides, a common class of bacteria found within the gut 
microbiota, forms robust biofilms in flow. We then characterized the nutrient sharing 
capabilities of gut microbes by utilizing a model gut microbiota consisting of two 
species: Bacteroides thetaiotaomicron (Bt) and Bacteroides fragilis (Bf), where Bt 
metabolizes the polysaccharide dextran and cross-feeds its metabolic by-product 
glucose to Bf, which promotes Bf biofilm formation. By transporting this public good, 
flow structures the spatial organization of the community, positioning the Bf population 
downstream from Bt. We show that sufficiently strong flows abolish Bf biofilm formation 
by limiting the effective public good concentration at the surface. Physical factors such 
as flow may therefore contribute to the composition of intestinal microbial communities, 
potentially impacting host health. Finally, we also demonstrated that intrinsic properties 
of polysaccharides such as molecular weight impacts the rate of sugar metabolism by 
microbes and the extent of nutrient sharing within the community, which may lead to 
overall changes in community composition. 
 
 
Keywords 
Biofilms; microbial communities; metabolism; cross-feeding; polysaccharide utilization; 
gut microbiota; commensals; fluid flow; social interactions; nutrition 
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Chapter 1. Introduction 

1.1 Biofilms 

Bacteria have evolved to colonize almost every single surface possible on earth. Upon 

surface attachment, these bacteria often assemble into communities embedded in a 

self-produced matrix known as biofilms1. In nature, biofilms play crucial roles from global 

biogeochemical cycling2,3 to the healthy functioning of the microbiota of multicellular 

organisms4. However, biofilms are great concern in the medical and industrial fields as 

they are also the main contribution to antibiotic-tolerant infections5 and the destruction 

of surfaces6,7. A representative biofilm forming organism is the opportunistic pathogen 

Pseudomonas aeruginosa (P. aeruginosa), which is responsible for various infections, 

particularly in immunocompromised individuals8. P. aeruginosa infections became 

notorious in the field of medical sciences due to its biofilm forming capabilities, which 

often lead to antibiotic resistant infections. Due to this reason, P. aeruginosa serve as 

an important organism for studying the mechanisms and cycles of biofilm formation. The 

biofilm formation cycle of P. aeruginosa is highly complex and involves the initial 

attachment of cells to a surface, followed by the secretion of many matrix compounds 

including extracellular DNAs (eDNA), and three polysaccharide sugars: alginate, pel 

and psl9 (Fig. 1.1). The secreted matrix components serve critical functions in surface 

attachment, cell to cell adhesion, biofilm structure integrity, nutrient sequestering, and 

many other functions including protection against antibiotics1 (Fig. 1.2). Although a lot is 

known regarding the biofilm formation of pathogens such as P. aeruginosa, little is 

known regarding the surface attachment and biofilm formation capabilities of 

commensal bacteria such as the Bacteroides, which are prominent members of the 

human gut microbiota. Having an understanding in the attachment and biofilm formation 

capabilities of individual species in the gut microbiota may provide a potential 

explanation to the varying abundances of individual species within the community, 

which has a major impact on host health. 
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Figure 1.110: The biofilm formation cycle of the human pathogen P. aeruginosa. 
Initially, planktonic cells attach to a surface, which triggers matrix production and the 

promotion of cell-cell adhesion, forming microcolonies. These microcolonies then 

develop over time to mature biofilms, where cells would eventually disperse from the 

biofilm and this process repeats.  

 

 
 
Figure. 1.21: The function and importance of the biofilm matrix. The matrix plays an 

integral role in maintaining biofilm architecture, nutrient capturing, promoting cellular-

interactions and population diversity, and act as a fortress which protects cells from 

external threats such as antibiotics. 

Compe&&on 
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1.2 Social interactions and spatial organization in biofilm 
communities 
Biofilm communities are often biologically diverse and complex in terms of 

composition11. Cells within the biofilm community often interact and influence each 

other’s fitness through social phenotypes12. Under conditions of limited nutrients and 

space for expansion, competition dominates13,14, where bacteria have evolved various 

strategies for the targeting and killing of direct competitors15. An example to such 

strategy includes the type VI secretion system (T6SS) in Bacteroides fragilis, a 

prominent member of the human gut microbiota, which kills antagonistic bacteria 

through toxin secretion (Fig. 1.3)16,17.  

 

 
 

Figure. 1.317: Type VI secretion system (T6SS) of Bacteroidetes mediates 
interbacterial killing. It was previously demonstrated that the T6SS of Bacteroidetes 

species are dedicated to intraphyla, which specifically only targets other species of 

bacteria within the phyla Bacteroidetes. 

 

However, microbes also often engage in cooperative interactions which are beneficial to 

neighbouring cells and the overall community. For example, microbes within a 

community may cooperate and function as a single unit to perform complex metabolic 

processes such as nitrogen fixation18. Bacteria in the wild also commonly engage in 

symbiotic social interactions such as nutrient sharing: secreting and sharing metabolites 

including nutrient chelators19, digestive enzymes20, and various signalling molecules21, 
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which minimizes the investment of energy required for cellular metabolism. These types 

of interactions often serve as the basis for the maintenance of biodiversity within a 

general community22. Although symbiotic interactions leading to coexistence within the 

nature are often well characterized, these cases of coexistences were never reproduced 

within laboratory settings18. As bacterial communities in the nature are often spatially 

organized, it is hypothesized that spatial organization of bacteria within a community 

plays crucial roles in mediating social interaction and subsequently the biodiversity of 

the community (Fig. 1.4)23. 

 

 

 

 

 

 

 

 

 

 

 
Figure. 1.423: Biofilms promote interspecies interactions. The extent of interspecies 

interactions is dependent on the structure of the biofilms, which in turn feeds back to 

affect interspecies interactions within the biofilm. In spatially structured biofilm 

communities with segregated lineages, commensalistic behaviours such as nutrient 

sharing dominates the community. However, in well-mixed biofilms of very dense 

populations, antagonism behaviours tend to be the most dominant form of social 

interaction.  

 

Early computational and simulation efforts suggested spatial organizations as a key 

contributor to the maintenance of biodiversity within a community (Fig. 1.5)24. It was also 

later confirmed through experimental works that spatial parameters such as interaction 

ranges25 and spatial separations18 are crucial in the maintenance of biodiversity within a 

Coopera2on Compe22on 
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community. Therefore, having a greater understanding of cell-cell interactions at the 

spatial scale may provide insight regarding the underlying mechanisms of how cells 

spatially organize, and how spatial organization feeds back to mediate interactions 

between cells, which may impact the biodiversity within the community. 

 

 

 

Figure 1.524: Simulation results indicate the importance of spatial organizations in 
the maintenance of biodiversity. (A) Simulated growth of an initially spatially 

organized neighbourhood resulted in stable co-existence between metabolically 

interacting species within the non-transitive community. (B) Simulated growth of a 

spatially disorganized system which resembles test tube conditions led to overall 

destabilization of the community and eventually loss of biodiversity.  

 

1.3 Fluid flow and social interactions 
To survive in the physical nature, bacteria would often have to interact with various 

environmental forces such as fluid flow. Physical forces likely play a key role in shaping 

the fitness of bacterial colonies through the introduction of mechanical stresses and 

redistribution of shared common goods26. In the absence of fluid flow, nutrient access is 

strictly governed by diffusion. However, in the presence of flow, secreted metabolites 

10 µm 

No 
coexistence 

Well-Mixed Conditions 

Defined Spatial Structures 
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will be transported in the direction of flow, leading to changes in the chemical landscape 

of the ecosystem, which alters nutrient availability of secreted metabolites in the 

community (Fig. 1.6). Therefore, the physics of the environment would likely have an 

impact on the fitness of individual cells within a community.  

 

Advances in technologies such as metagenomics provided insights regarding 

interactions between bacteria23. However, information at the spatial scale are simply 

ignored due to technical difficulties associated with mimicking natural growth conditions 

in the lab setting. Therefore, little is known regarding how fluid flow impact social 

interactions and spatial organization between bacteria in nature. One common 

assumption is that metabolic and physical constraints are two independent variables 

driving bacterial evolution and regulation. Since it is known that local nutrient access is 

one of the key parameters for mediating stability in a bacterial community, where 

physical forces then act to alter such parameter, it is likely that fluid flow also plays an 

important role in mediating social interactions between microbes, therefore shaping the 

overall fitness of the community. 
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Figure 1.6: Fluid flow act to redistribute the concentration of common goods 
within the community. The redistribution of common goods leads to altering patterns 

of nutrient access and social interactions between microbes, which likely leads to 

differences in the spatial organization of the overall community.  

 

1.4 Human gut microbiota 
The human gastrointestinal (GI) tract is home to 10-100 trillion microorganisms termed 

the gut microbiota27. The gut microbiota consists of various bacteria, archaea, fungi, and 

bacteriophages which are living in symbiosis with the human host28. Recent advances in 

technologies including shotgun sequencing and bioinformatics toolboxes have made it 

possible to gain comprehensive insights of the overall composition of the gut community 

and their functional potentials29. These large-scale omics studies revealed that in fact 

the gut microbiota plays important roles in host health: providing important microbial 

metabolites as signalling molecules30 and energy source31 to the host, aid in complex 
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fibre digestion32 and training host immunity33. Therefore, it is crucial to maintain a health 

composition of the gut microbiota. 

 

The human microbiome of infants originate from birth, where it is predominantly passed 

on by the mother to infants34. The maternally acquired microbiome is then further 

shaped by many environmental factors such as methods of milk feeding, weaning and 

the extent of antibiotic use35. In the case of a healthy adult, the most abundant members 

of a healthy gut microbiota are bacteria from the genus Prevotella and Bacteroides36. 

While the microbiota of healthy individuals tend to follow similar trends within families, 

the gut microbiota composition is also known to differ significantly across healthy 

individuals of differing geographic space and culture37. These differences are believed 

to arise as a result of differences in environmental factors such as lifestyle and diet37.  

 

Diet is a key factor influencing the composition and diversity of the gut microbiota, 

shifting the microbiota towards populations which favours selected nutrients38. For 

example, diets containing high fibre content increases the abundance of Bacteroides 

spp., which are prominent complex fibre degraders39. While high fat diets in general 

leads to the decrease in Bacteroidetes and an increase in Firmicutes abundance, which 

is a marker for dysbiosis, a term used to describe an imbalanced gut microbiota, often 

associated with chronic diseases such as obesity (Fig. 1.7)40. Therefore, to ensure the 

proper functioning of the gut microbiota which confers to host health, it is important to 

maintain both a healthy lifestyle and diet. 
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Figure 1.729: Gut microbiota and diseases associated with dysbiosis. Unhealthy 

lifestyles and diet may lead to dysbiosis, an imbalance in microbial population of the gut 

microbiota, which are associated with diseases such as malnutrition, obesity, type 2 

diabetes, metabolic liver disease and cardio-metabolic disease.  

 

1.5 Motivation and aims of the thesis 
Bacteria have evolved to colonize almost every single surface possible on earth through 

the formation of biofilms. For example, gut commensals have evolved to colonize the 

biologically and physically complex mucosal environment. Since bacteria survive in the 
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physical nature, they would often have to interact with various environmental forces 

such as fluid flow in the colon. Physical forces likely play a key role in shaping the 

fitness of bacterial colonies through the introduction of mechanical stresses and 

redistribution of shared common goods in nutrient sharing communities. However, an 

overall understanding to how commensal bacteria form biofilms and how mechanical 

forces such as fluid flow define the composition and organization of the gut community 

is lacking, which likely has a significant role in defining host health. 

 

During my PhD, I first studied the biofilm formation capabilities of commensal gut 

microbes in fluid flow. To achieve this goal, I developed an anaerobic microfluidics 

based technique which allowed for the growth of biofilms under anaerobic 

environments. I then used 4 model gut microbiota Bacteroides species: Bt, Bf, Bo and 

Bv as my model organisms for anaerobic biofilm formation, tested their biofilm formation 

capabilities and studied their varying morphologies in my microfluidics setup. I then 

attempted to understand further the mechanisms behind the biofilm formation of these 

anaerobic biofilms by proteome and transcriptome analysis. Finally, I also studied the 

impact of environmental factors such as carbon source on the morphologies of 

Bacteroides biofilms. All experiments and detailed results are outlined in Chapter 2 of 

this thesis.  

 

Since the Bacteroides attached to surfaces and formed biofilms in-vitro under anaerobic 

conditions, I then proceeded to study the possibilities of nutrient sharing within the gut 

microbiota community. To achieve this goal, I constructed a model gut microbiota 

consisting of two species: Bt and Bf and performed polysaccharide screening for 

complex carbohydrate conditions where nutrient sharing may happen between these 

two species. I identified a candidate polysaccharide in dextran, which is readily utilized 

by Bt but not Bf, where I analyzed the metabolic by-products released by Bt dextran 

metabolism, along with the common good molecule which is shared to Bf. I then studied 

how fluid flow may impact the organization of a nutrient sharing community by 

subjecting Bt-Bf co-culture biofilms in dextran to various flow rates and studying their 
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spatial organizations. All experiments and detailed results are outlined in Chapter 3 of 

this thesis.  

 

I then sought to further understand the molecular mechanisms of dextran utilization and 

nutrient sharing by Bt. To achieve this, I analyzed the proteome of Bt grown in dextran 

versus in glucose and identified a cluster of proteins belonging to polysaccharide 

utilization locus 48 (PUL48) which were significantly upregulated in dextran growth. I 

then generated a mutant library of Bt, consisting of genetic knockouts of these genes 

and assessed the growth of individual mutants in dextrans of various sizes to determine 

the impacts of individual proteins and initial dextran polymer size on Bt dextran 

metabolism. Finally, I wanted to explore how individual PUL48 associated proteins 

impact the nutrient sharing from Bt to Bf and whether Bf contributes back to Bt for the 

shared nutrients. In this direction, I co-cultured Bt mutants with Bf and analyzed the 

abundance of Bf through a microscopy-based cell counting assay. I then performed 

proteome analysis of Bf grown in Bt spent medium, which may provide insights to 

metabolic and phenotypic changes of Bf under conditions of nutrient sharing. More 

detailed descriptions of these results are available in Chapter 4 of the thesis. 

 

Overall, throughout my PhD, I developed a platform which allowed for the growth and 

observation of biofilms grown under anaerobic conditions. I successfully cultured the gut 

microbiota Bacteroides species in-vitro as biofilms, studied their morphologies and 

identified potential target genes which may contribute to the biofilm formation and 

structure maintenance of these anaerobes. I then confirmed the presence of nutrient 

sharing between two gut microbiota species, Bt and Bf, and illustrated how physical 

forces such as fluid flow may impact the organization of nutrient sharing biofilm 

communities through the distribution of public goods. At the molecular level, I examined 

the roles of individual PUL48 proteins and initial polysaccharide polymer size on Bt 

dextran utilization and subsequent nutrient sharing. 
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Chapter 2. Biofilm formation by the gut microbiota 
Bacteroides  
 

 

  

 This chapter focuses on the development of methodology for the growth of 

bacterial biofilms in anaerobic conditions using Bacteroides as our model organisms. 

The potential of biofilm formation by these gut commensals were then assessed, along 

with the structures and morphologies of biofilms formed by different Bacteroides 

species. 
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2.1 Abstract 
In the nature, bacteria often colonize surfaces as communities embedded in a self- 

produced matrix known as biofilms. Biofilms are known to play important roles in 

maintaining the stability of the overall microbial community through the promotion of 

interspecies co-metabolism and offering protection against antibiotics. The human gut 

microbiota is an ecosystem which is densely populated by commensal microbes which 

are crucial for host health. Although the roles of the gut microbiota had been immensely 

studied in recent years, these studies often focused on the impact of host nutrition on 

the composition of the gut microbiota and its impact on the host, often neglecting the 

question of how these bacteria colonize and form mucous associated biofilms in the gut. 

Therefore, in this work, we developed a method for the growth of anaerobic biofilms with 

the aim of further understanding the surface colonization and biofilm formation 

dynamics of anaerobic gut commensals. Using the Bacteroides, a family of highly 

abundant gut microbes as our model organism, we observed that these anaerobic 

bacteria attaches to surfaces and forms biofilms of highly varying structures which are 

species and nutrient specific. 

 
2.2 Additional background 
In the wild, microorganisms often co-colonize surfaces, forming complex surface 

attached communities termed biofilms23. Within biofilms, various residence species 

often function as a unit owing to their abilities to socially interact with one another41. 

Often embedded in a self-secreted extracellular polymeric matrix, the biofilm lifestyle 

also offer residence bacteria advantages including protection against external threats 

such as antibiotics1. Due to this reason, biofilms are of serious global health concern 

due to their abilities to tolerate antibiotics, playing crucial roles in persistent chronic 

infections in hospitals42,43, a major problem in modern day society. 

 

Due to its role in antibiotic resistance, many research efforts have been made with the 

goal of further understand the mechanisms behind biofilm formation by pathogenic 

bacteria. One of the model organism for biofilm formation is the pathogen 
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Pseudomonas aeruginosa, which commonly infects the lungs of cystic fibrosis 

patients44. P. aeruginosa utilizes extracellular appendages called type IV pili to initially 

attach to and colonize surfaces45. Upon initial attachment, this signal is then transduced 

and amplified through a chemosensory system which alters the metabolism of the cell, 

leading to the transcription of various virulence genes and biofilm inducing pathways46. 

P. aeruginosa also secrete at least 3 extracellular polysaccharides alginate, Pel and Psl, 

which plays critical roles in the surface attachment and structural development of P. 

aeruginosa biofilms47,48. Similarly, it had been previously demonstrated that pili plays 

important roles in the biofilm formation by other pathogens such as Escherichia coli49,50, 

and Clostridium difficile51, whereas the production of extracellular matrix components 

are important for the architecture of Vibrio cholerae biofilms52. The overall architecture 

and structure of biofilms also plays an important role in antibiotic susceptibility, where in 

P. aeruginosa, dome shaped biofilms were more resistant to antibiotics in comparison to 

biofilms which are more flat53. 

 

Although a lot is known regarding biofilm formation by pathogenic species, in contrast, 

very little research has been performed to date regarding biofilm formation mechanisms 

by symbionts. The human gastrointestinal (GI) tract hosts dense communities of 

symbiotic microorganisms termed the gut microbiota, which contributes significantly to 

the human physiology, playing critical roles in host metabolism, nutrient absorption and 

resistance to diseases54,55. Despite our current knowledge on the importance of diet56 in 

the regulation these commensal bacteria which confers host health, little is known 

regarding the roles of initial attachment, colonization and biofilm formation by these 

commensals on the relative abundance and composition of the gut microbiota. One of 

the most abundant genus of bacteria residing in the human colon are the Bacteroides36. 

Just like most pathogenic bacteria, the Bacteroides also possess cell-surface 

associated appendages including pili and fimbriae57. These pili had been structurally 

characterized to be distinct from typical Type IV pili58, and was previously shown to 

contribute to the biofilm forming capacity by Bacteroides thetaiotaomicron59. However, 

the overall role of various pili and fimbriae in the adhesion and subsequent biofilm 

formation by Bacteroides remain unclear. On the cell surface, Bacteroides also produce 
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capsular polysaccharides (CPS), which plays important roles in protecting the bacteria 

from host immune responses and antibiotic perturbations, offering them an advantage in 

the colonization of the host environment60. It has also been previously demonstrated 

that CPS has potential roles in mediating biofilm formation in-vitro61. In this work, we 

sort to further understand the mechanisms of surface colonization and biofilm formation 

by anaerobic gut microbes. Using four species of Bacteroides as our model organisms: 

Bacteroides thetatiotaomicron, Bacteroides fragilis, Bacteroides ovatus and Bacteroides 

vulgatus with the combination of fluorescence microscopy and proteome/ transcriptome 

analysis, we identified that different members of the Bacteroides formed biofilms of 

highly varying architecture in-vitro. We also observed the upregulation of various 

fimbriae in both Bt and Bf biofilms, which highlights the potential importance of 

extracellular appendages in the biofilm formation by gut microbes. 

 

2.3 Results 
2.3.1 Bacteroides form unique biofilms in TYG medium 
To characterize the biofilm formation capabilities of Bacteroides species in flow, we 

assembled microfluidic growth devices inside the anaerobic chamber. We first seeded 

Bt constitutively expressing sfGFP in the microchannels, flushed unattached cells and 

initiated growth for 3 days under constant flow of Tryptone – Yeast Extract – Glucose 

(TYG) medium (Fig. 2.1A). To visualize colonization patterns, we imaged the biofilms 

using spinning disc confocal microscopy after 2 hours of aerobic incubation. Bt formed 

tightly packed, surface attached comet like multicellular structures in the presence of 

flow in TYG medium (Fig 2.1A). At the head of the comets, these biofilms extends 

roughly 10-15 μm above the coverslip surface. With the same setup, we then seeded B. 

ovatus (Bo) constitutively expressing sfGFP in our microfluidic device and allowed the 

biofilm to grow anaerobically for 3 days. We observe that like Bt, Bo also could colonize 

the glass coverslip surface and formed a biofilm. The biofilm of Bo appeared more 

elliptical in shape in comparison to Bt, and the Bo aggregates seem to be packed less 

tightly in comparison to Bt (Fig 2.1B).  
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We then further extended our biofilm growth protocol to two other species of 

Bacteroides: Bacteroides vulgatus (Bv) and Bacteroides fragilis (Bf). We observed that 

the biofilms of Bv are drastically different in comparison to Bt and Bo in TYG medium. 

Instead of forming clump like aggregates, Bv attaches to surfaces and forms unique, 

elongated barbwire like structures (Fig 2.1C). Zoomed in images show that these 

barbwires are formed as a result of cell-cell adhesion between subsequent Bv cells (Fig 

2.1D), leading to a formation of large, thin, and elongated “barbwire” features which 

have not been previously observed. In the case of Bf, we observed again that Bf form 

unique biofilms in TYG medium under flow in comparison to Bo, Bt and Bv. Bf biofilms 

appear shockingly as thick bundles of filaments. Confocal fluorescence imaging reveals 

that these biofilms attach to a small area on the glass surface and extends 3-

dimensionally as thick bundles of thick filaments (Fig 2.1E).  

 

Overall, our data suggest that members of the Bacteroides: Bt, Bo, Bv and Bf all have 

the potential of attaching to surfaces and forming biofilms under the constant flow of the 

nutrient rich TYG medium. With our microfluidics based anaerobic biofilm growth set-up, 

we were also able to assess the morphologies of different anaerobic Bacteroides 

biofilms and observed that Bt, Bo, Bv and Bf all formed biofilms of unique and exotic 

morphologies, where Bv and Bf formed surface attached biofilms which resembled 

elongated barbwires and bundles of filaments respectively. The differences in 

morphologies suggest highly varying mechanisms in biofilm formation across different 

species within the Bacteroides genus of gut commensal bacteria, and such differences 

may have a potential impact on the overall colonization and abundance of different 

bacteria within the gut microbiota which in turn can have a major impact on the overall 

ecology of the ecosystem. 

 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 34 

 
 

Figure 2.1: Bacteroides species form biofilms in flow under nutrient rich 
conditions. (A) Biofilm from Bt constitutively expressing sfGFP. (B) Biofilm from Bo 

constitutively expressing sfGFP. (C) Biofilm from Bv constitutively expressing sfGFP 

and mCherry. (D) Close-up view of Bv biofilms show the cell-to-cell adhesion by Bv 

which leads to the formation of barbwire like features. (E) Biofilm from Bf constitutively 
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expressing mCherry show large Bf aggregates in the form of large filaments which 

extends in the third dimension. All biofilms were grown anaerobically for 3 days under 

flow of TYG medium. All biofilms were grown anaerobically for 3 days at the flow rate of 

2 μL/min. 

 

2.3.2 Proteins upregulated in biofilm formation by Bt 
It has been previously demonstrated that cellular components such as pili and fimbriae 

potentially contribute to the cohesion of Bt and Bf biofilms62. However, these studies 

were performed only on defined pili gene targets and an overall picture of the gene 

expression profile of Bt in biofilm state is still lacking. With the goal of further 

understanding the proteins important for biofilm formation by Bt. We therefore compared 

the proteomes of Bt growing in liquid cultures versus as a flow-cell biofilm in TYG 

medium. Differential expression analysis shows that Bt upregulates a group of proteins 

when grown in the form of a biofilm (Fig. 2.2). These proteins are all encoded in a 

defined region of the Bt genome (from BT4226 to BT4236). Some of these upregulated 

proteins include BT4226 (FimB-like protein), BT4227 (FimC like protein), BT4233 

(DUF3868 domain-containing protein), BT4236 (CheY like protein) and BT4234 (FimX 

like protein). These data suggest that Bt upregulates the production of extracellular 

fimbriae which potentially promotes surface adhesion and biofilm formation. The 

presence of the two-component system sensor histidine kinase/response regulator 

CheY like protein also suggests the existence of signal sensing and transduction upon 

surface binding in Bt. 
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Figure 1.1: Bacteroides thetaiotaomicron (Bt) and Bacteroides fragilis (Bf) form 
biofilms in flow. (A) Schematic of experimental procedure for anaerobic biofilm growth 

in flow. (B) Full-channel view of biofilm from (i) Bt constitutively expressing sfGFP and 

(ii) Bf constitutively expressing mCherry. (C) Three-dimensional and close-up view of (i, 

ii) Bt and (iii, iv) Bf biofilms show the tight packing of single cells and growth in the 

channel depth. All biofilms were grown anaerobically for 4 days under flow of 

Bacteroides Minimal Medium (BMM) supplemented with glucose. All biofilms were 

grown anaerobically for 4 days at the flow rate of 0.1 μL/min. 

 

 
 
Figure 2.2: Proteomic analysis of Bt growing as a biofilm versus in liquid culture 
in TYG medium. We identified a cluster of genes between BT4226 and BT4236 which 

were upregulated in Bt biofilms. (N = 1) 

 

 

2.3.3 Mechanisms of biofilm filamentation by Bf 
Recall, Bf forms biofilms which resembles thick bundles of filaments extending in the 

third dimension (Fig. 2.1E), which are strikingly different in comparison to Bt and Bo 

biofilms. This raised the question of what contributes to such drastic differences in terms 

of biofilm morphology between Bt and Bf. We hypothesized based on the appearance of 

the Bf filamentous biofilms that Bf forms thick bundles of filaments through the 

promotion of cell-to-cell adhesion. Therefore, just like with Bt, we performed differential 

analysis on the proteome of Bf grown as filamentous biofilms versus as a liquid culture 

(Fig. 2.3A). We again observed a series of proteins belonging to a similar region of the 

BT4234 – 
FimX like 

BT4227 – 
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FimB-like BT4233 
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Bf genome which is highly upregulated when it is grown as a biofilm (BF9343_1395-

1420). The functions of these individual proteins are highlighted in the supplementary 

information (Fig. S1.1). Unfortunately, the genome of Bf NCTC-9343 is nowhere as well 

annotated as the Bt genome, but based on current available annotations, many of these 

proteins have predicted functions of either as conjugal transfer proteins (BF9343_1413 

and BF9343_1417) or as fimbrillin family proteins (BF9343_1407-1410). Interestingly, 

the proteins BF9343_1407 and BF9343_1408 resembles the structure of fimbrillin 

subunit proteins, and BF9343_1409 resembles the structure of a fimbrillin tip protein, 

along with a glycan binding domain. These data suggest that Bf, like Bt, also 

upregulates the production of extracellular fimbriae under conditions of biofilm 

formation. In the case of Bf, the upregulation of proteins responsible for conjugal 

transfer and fimbriae suggests a potential mechanism to filament formation by Bf, where 

it utilizes fimbriae dedicated to DNA transfer for the adhesion to subsequent Bf cells 

while growing as a biofilm, promoting the formation of thick bundles of fibres through 

cell-cell adhesion, and the transfer of DNA across the subpopulation of Bf cells growing 

as a biofilm.  

 

To further confirm that these upregulated genes are indeed upregulated in the process 

of biofilm formation, we performed RNA sequencing (RNAseq) to compare the 

transcriptome of Bf grown as a biofilm versus in liquid culture as RNAseq also provides 

the opportunity for higher sequence coverage. We then compared our RNAseq data 

with the proteomics data and observed the exact same cluster of proteins being highly 

upregulated when Bf was grown as a flow-cell biofilm (Fig. 2.3B). Therefore, these data 

further confirms that the proteins BF9343_1395-1420 are indeed upregulated in Bf 

biofilms. Overall, our results suggest a potential mechanism in biofilm formation by Bf, 

where it assembles into thick bundles of filament via the upregulation of a series of 

fimbrillin proteins which promotes cell-cell adhesion.  
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Figure 2.3: Differential expression analysis of Bf growing as a biofilm versus in 
liquid culture in TYG medium. (A) We identified a cluster of genes between 

BF9343_1395-1420 which were upregulated in Bf biofilms by proteomic analysis. (B) 

Comparison of differential expression profiles of Bf biofilm growth versus liquid growth 

through proteomics and RNAseq. BF9343_1395-1420 were identified as targets 

upregulated in Bf biofilms in both LC-MS based proteomic and RNAseq experiments. (N 

= 1) 

 
 
2.3.4 Duo-species Bacteroides biofilms in TYG medium 
We then wondered how these species assemble into stable multi-species biofilm 

communities which resembles the gut environment. Based on the species specific and 

unique biofilms we observed in our mono-species biofilm data we hypothesize that 

these species will retain these growth features and grow independently in the presence 

of other species in nutrient rich settings, where the sole limitation to growth being the 

competition for space. To test this hypothesis, we grew duo-species biofilms of various 

combinations of Bt, Bf and Bo in TYG medium.  

 

First, we mixed Bt sfGFP and Bf mCherry at a 1:1 ratio and allowed the biofilm to grow 

anaerobically in flow for 3 days. We then imaged the biofilm from the inlet towards the 

outlet, covering the full length of a single elongated Bt biofilm (Fig. 2.4A). We observe 
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that Bt and Bf tend to grow individually with minimal maxing (Fig. 2.4A). We then 

zoomed into a region of interest covering the interface between Bt and Bf biofilms and 

observed that Bf barely mixes with Bt as a coculture in TYG medium as a boundary 

between the two species is clear (Fig. 2.4B). Interestingly, Bt and Bf both retain their 

biofilm morphology as a mono-species biofilm under a coculture setting, where Bt forms 

comet like elongated biofilms, where Bf filaments and extends in the third-dimension. 

Although a growth boundary between Bt and Bf is clear, Bf appear to be capable of 

adhering to the edges of the tightly packed Bt biofilm. To study this, we further zoomed 

in on the coculture biofilm at the single single-cell level by imaging the biofilm with the 

100x objective with the confocal fluorescence microscope. We observed clearly that Bf 

filaments are formed as a result of Bf-Bf cell-to-cell adhesion (Fig. 2.4C). We also 

observed Bf localizing to the edges of Bt single cells, suggesting that Bf are not only 

capable of adhering to adjacent Bf cells, but they may also adhere to neighbouring Bt 

cells (Fig. 2.4C). Overall, our results demonstrate that Bt and Bf grows independently of 

each other under the nutrient rich TYG medium. 

 

In a similar manner, we then attempted to mix Bt mCherry and Bo sfGFP in a one to one 

ratio and cocultured these species together a duo-species biofilm (Fig 2.4D). Again, we 

observe that Bt and Bo do not mix when grown in the nutrient rich TYG medium, where 

growth boundaries between Bt and Bo are again apparent. Bo was observed to be less 

abundant in comparison to Bt and surrounded completely by Bt cells. This may be 

attributed to a higher growth rate in Bt, which puts Bt at an advantage in terms of space 

competition. Finally, we grew a duo-species biofilm consisting of Bf mCherry and Bo 

sfGFP. We observe that Bo forms a loose carpet biofilm close to the surface, where Bf 

forms bundles of thick filaments which extends in the third-dimension (Fig. 2.4E). 

Overall, our results suggest that Bacteroides species grows independently on one 

another as a co-culture under a nutrient rich setting, where inter-species mixing is 

minimal. The growth morphology of independent species is also conserved under a co-

culture setting, suggesting that the presence of other species have minimal impact on 

how these bacteria form biofilms individually. Finally, the abundance and distribution of 

individual species are also defined by the competition for space, where the faster 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 40 

growers outcompete slower growers in the case of Bt Bo co-cultures. The unique ability 

of Bf forming long filament which extends 3D may provide them with an advantage to 

competition for space and nutrients. 

 

 
 

Figure 2.4: Duo species Bacteroides biofilms in flow under nutrient rich 
conditions. (A) Full biofilm view of a Bt Bf co-culture biofilm (B) Zoomed in view of a Bt 

Bf co-culture biofilm. A boundary between Bt and Bf growth was observed. (C) Single 

cell imaging of a Bt Bf co-culture biofilm. Bf cells not only adhere to each other to form 

filaments, but they can also localize to Bt cells. (D) Bt Bo co-culture biofilm. The degree 

of mixing between Bt and Bo is minimal, where Bt outcompetes Bo in terms of 

competition for space, leading to Bo colonies being completely surrounded by Bt (E) Bf 
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Bo co-culture biofilm. Bo localizes to the surface, forming loose carpets, where large 

filaments of Bf attach on top and grows in the third dimension. All biofilms were grown 

anaerobically for 3 days under flow of TYG medium. All biofilms were grown 

anaerobically for 3 days at the flow rate of 2 μL/min. 

 

2.3.5 Nutrient source impacts biofilm morphology 
As we observed no changes to individual species’ biofilm morphology when grown 

under co-culture conditions, we then wondered whether nutrient sources may have an 

impact on the biofilm morphology and abundance of Bacteroides species. As these 

bacteria are wide-range polysaccharide utilizers, we decided to test this hypothesis by 

growing biofilms in Bacteroides Minimal Medium (BMM) supplemented with various 

polysaccharide sources and observing the final biofilm morphologies by confocal 

fluorescence microscopy. With our anaerobic microfluidics-based biofilm setup, we first 

grew Bt, Bf and Bo as mono-culture biofilms in BMM supplemented with the simple 

monosaccharide glucose. We observe that Bt grows into dense, elongated biofilms of 

similar morphology to those grown in TYG medium which also contains glucose as a 

carbon source (Fig. 2.1A and 2.5A). Bo also grows into a biofilm in BMM glucose 

resembling the morphology of that which is grown in TYG medium (Fig. 2.1C and 2.5B). 

Based on the results from Bt and Bo, we then expected Bf to also form filamentous 

biofilms in BMMG like that observed in TYG medium. However, this was not the case. 

Instead, Bf formed surface attached comet-like biofilms which resembles that of Bt in 

BMMG and TYG medium (Fig. 2.5C). These results together suggest that the impact of 

carbon source on Bacteroides biofilm growth and structures is species dependent. 

Based on the biofilm morphologies of Bf observed in TYG medium and BMMG, 

carbohydrate sources are not the sole contributor to changes in biofilm morphologies as 

Bf formed filamentous biofilms in TYG medium but did not do so in BMMG. 

 

We then proceeded to increase the complexity of the carbohydrate source to test 

whether Bacteroides species can form biofilms under conditions with complex 

polysaccharides being the main nutrient source, resembling the gut environment upon 
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host diet. We chose to work with the complex carbohydrate arabinan to test this 

hypothesis as arabinan is isolated from sugar-beets which resembles dietary fibre and it 

is relatively soluble in water in comparison to other complex carbohydrates. Therefore, 

we substituted the glucose in BMMG with arabinan from sugar-beet to generate the 

BMMA medium, which we then used to culture Bt and Bf as monocultures anaerobically 

for 3 days. We observed that Bt can form biofilms in arabinan, consistent with previous 

works which demonstrated the presence of an arabinan utilization locus in Bt63. Bt 

biofilms in arabinan appear to be more clumpy and less elongated in comparison to 

BMMG and TYG growth (Fig. 2.5D). Bf on the other hand, failed to grow into a biofilm in 

arabinan although minimal growth was observed perhaps to due small molecule 

contaminations within the arabinan source (Fig. 2.5E). These results together 

demonstrate that carbohydrate sources not only have an impact on the overall 

abundance of individual species within a biofilm community due to utilization capabilities 

but can also introduce changes to biofilm morphologies. 

 

As we observed Bt growth in the form of a biofilm in BMMA, but not of Bf, we then 

wondered whether there is the possibility of nutrient sharing through Bt’s metabolism of 

arabinan to Bf. To test this hypothesis, we mixed Bt and Bf at a 1:1 ratio and cultured 

them for 3 days anaerobically in BMMA. In the co-culture biofilm, we observed Bt being 

the dominant species, along with several minor Bf colonies with no significant increase 

in abundance compared to the mono-species growth (Fig. 2.5F). Overall, our results 

demonstrate the importance of carbohydrate sources in defining the abundance of 

species within a Bacteroides biofilm community along with the overall biofilm structures 

and morphologies. We also demonstrate through Bt arabinan utilization and biofilm 

formation that nutrient sharing is not guaranteed between Bacteroides species.  
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Figure 2.5: Bacteroides biofilms in flow under minimal medium conditions with 
various carbohydrate sources. (A) Biofilm of Bt in BMM-glucose. (B) Biofilm of Bo in 

BMM-glucose. (C) Biofilm of Bt in BMM-glucose. Bundles of filaments observed in TYG 

medium growth were not observed under minimal medium conditions. (D) Bt forms 

biofilms in BMM-arabinan. (E) Bf fails to form biofilms in BMM-arabinan. (F) Bt-Bf co-

culture biofilm in BMM-arabinan. Bf growth is not rescued by the presence of Bt, 

suggesting the absence of nutrient sharing from Bt to Bf in arabinan. All biofilms were 

grown anaerobically for 3 days under flow of BMMG or BMMA medium. All biofilms 

were grown anaerobically for 3 days at the flow rate of 2 μL/min. 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 44 

2.4 Discussion 
In the intestine, commensals form dense and organized communities associated with 

the mucosal surface64. Amongst the high variety of bacteria present in the gut, the 

Bacteroidetes emerge as one of the most abundant phyla of bacteria found in the 

human gut microbiota65. Although the overall mechanisms behind their high abundance 

in the human hosts remain unclear, it is believed that their strong evolutionary 

adaptation to the gut environment: the ability to utilize host- and plant- derived complex 

glycans66 and the ability to establish long-term mutualistic relationship with the host67 

plays important roles in their colonization success. However, one factor which is 

overlooked is the surface colonization and biofilm formation capabilities of these 

bacteria under flow conditions resembling the human colon. As differences in surface 

attachment and biofilm formation can have a direct impact on the abundance and 

fitness of a species within a community, we sort to investigate biofilm formation by 

Bacteroides species. To address this problem, we developed an anaerobic microfluidics 

biofilm growth protocol which allowed us to grow and study the biofilm formation by 

anaerobic species such as the Bacteroides under conditions of controlled flow rates. 

With our system, we were able to for the first time show in-vitro biofilm formation by 4 of 

the most common Bacteroides species found in our gut: Bt, Bf, Bo, Bv, highlighting the 

capabilities of these anaerobes colonizing surfaces and forming biofilms of highly 

varying morphologies. 

 

In nature, bacteria form biofilms of highly varying architectures and phenotypes under 

different nutrient sources and growth conditions68. Such differences in biofilm 

morphology and architecture often confers to the fitness of the community. In 

Pseudomonas aeruginosa, the formation of dome shaped biofilms decreases 

susceptibility against antibiotics53, whereas in Vibrio cholerae, the formation of 

filamentous biofilms offer advantages in the colonization and spreading on chitin 

particles69. Out of the four different Bacteroides strains we tested, we found that Bv and 

Bf formed barbwire like and filamentous biofilms respectively unlike Bt and Bo, which 

formed surface-associated monolayer biofilms under nutrient rich conditions. These 

highly differing morphologies may account for the ecological fitness of each species 
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within the environment of growth. For instance, Bv’s formation of barbwire like biofilms 

through cell-cell entanglement may offer it an advantage to colonization under fluid flow 

conditions. On the other hand, Bf’s formation of thick filaments which extends in the 

third dimension may offer it an advantage to further nutrient access away from the 

surface, and growth space as it is not solely limited to growing directly on top of a 

surface. We also identified that the filamentation phenotype of Bf biofilms were lost 

upon growth in minimal medium supplemented with specific carbon sources, 

demonstrating the role of nutrient source on the overall architecture of anaerobic 

biofilms. However, to better picture the impact of different growth morphologies on the 

fitness of individual species within a microbial community, co-culture experiments must 

be performed. 

 

Bacterial biofilm communities in the wild are typically composed of many species1. 

Within these communities, member bacteria often engage in symbiotic social 

interactions which have positive impacts on the fitness and metabolism of neighbouring 

cells such as nutrient sharing23. It has been previously demonstrated that Bt, an 

arabinan utilizer, can nutrient share arabinan based degradation by-products to Bo in 

solution70. We demonstrate here that nutrient sharing is not always granted as Bt, which 

grew into a biofilm as a monoculture, failed to rescue the growth of Bf, a non-utilizer, in 

the case of a coculture biofilm. On the other hand, within these communities, bacteria 

also often engage in fierce competition with neighbours for nutrient source and space71. 

Therefore, individual colonization strategies by member strains may have an impact on 

the overall composition of the biofilm community. Under nutrient rich conditions where 

competition for space and resources dominate, we observe that co-cultures of any 

combinations of Bt, Bo and Bf resulted in biofilms where individual growth 

characteristics were conserved. This may be a result of the lack of nutrient competition 

present in these growth conditions as a constant flux of the nutrient rich TYG medium 

was provided, which supported the growth of each species individually. A good example 

of competition for space would be the co-cultures of Bt and Bo, where both these 

species favour the formation of surface attached monolayers. In this case, we observe 

that Bt outcompetes Bo on the surface, which can likely be due to a combination of Bt 
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having a higher growth rate and surface attachment capabilities compared to Bo. To 

study whether the filament formation by Bf confers to Bf competition in a co-culture 

setting, we cocultured Bf with Bt and Bo individually. In both cases, we observed Bt and 

Bo adhering to the surface and forming surface associated biofilms, whereas Bf formed 

filaments which extended high up in the third dimension. Unlike the Bt-Bo co-culture 

biofilms where Bo was clearly out competed by Bt, Bf abundance was not reduced in 

either co-culture with Bt or Bo in comparison to mono-species growth. Therefore, the 

filamentation architecture by Bf increases the fitness of Bf in the community by offering 

Bf an alternative to competition for surface space through extension of filaments in the 

third dimension.  

 

As Bt and Bf exhibit drastically different strategies in surface colonization and biofilm 

formation, it would be interesting to understand the mechanisms of biofilm formation by 

these anaerobes, which leads to such differing biofilm morphologies. Previous studies 

have shown that bacterial extracellular appendages such as pili and fimbriae plays 

crucial roles in the initial surface attachment and biofilm formation in P. aeruginosa46,72, 

E. coli49,50, and C. difficile51. Although very little is known regarding the mechanisms of 

surface adhesion and biofilm formation by non-pathogenic bacteria, the genome of Bf 

encode for many proteins dedicated to the production of surface adhesins such as 

fimbriae and pili57. We then wondered whether these adhesins in Bacteroides potentially 

play a role in their biofilm formation. We profiled the transcriptome and proteome of 

surface grown versus liquid cultured Bf and identified a series of genes likely encoding a 

conjugative pilus (BF9343_1395-1420). The tip pilin protein BF9343_1409 also encodes 

for a Bacteroidetes-Associated Carbohydrate-binding Often N-terminal (BACON) 

domain, likely responsible for the initial binding to surface glycans of Bf cells, where the 

conjugative pilus then connects neighbouring cells, allowing for DNA transfer between 

cells, ultimately leading to the formation of thick filaments of Bf in the form of a biofilm. 

Interestingly, we observed that Bf cells may also localize to the surface of Bt cells, 

potentially providing another advantage to Bf colonization where in the presence of Bt, 

Bf may easily adhere and colonize the surroundings. As we were interested in the 

differences in the mechanisms of biofilm formation between Bf and Bt, we also profiled 
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the proteome of surface grown versus liquid culture Bt. We identified a series of genes 

from BT4226-4236 which are upregulated in surface grown biofilms. Four of these 

proteins correspond to a FimB-like, a FimC like, a FimX like and a CheY like protein. In 

E. coli, FimB and FimC are proteins responsible for regulating the transcription50 and 

assembly73 of the type 1 fimbriae in E. coli. CheY is a chemotaxis signalling protein 

which controls the direction of flagellar rotation in E. coli74, whereas FimX is known to be 

a signal transduction protein connecting environmental signals to surface twitching 

motility in P. aeruginosa75. These results suggest the potential importance of a type 1 

fimbriae in the biofilm formation by Bt, and the presence of signal transduction proteins 

FimX and CheY suggests the potential presence of surface sensing mechanisms in Bt. 

Overall, having an understanding behind the mechanisms of biofilm formation by 

symbiotic anaerobes such as Bt and Bf may provide an explanation regarding their 

dynamics and abundance within the gut microbiota community, which have a major 

impact on host health. 

 

2.5 Methods 
2.5.1 Strains and culture media 
Bacteroides thetaiotaomicron VPI-5482 sfGFP and Bacteroides fragilis NCTC-9343 

mCherry, Bacteroides ovatus ATCC-8483 sfGFP and Bacteroides vulgatus ATCC-8482 

sfGFP-mCherry76 were used for experiments in this work. TYG medium and 

Bacteroides minimal medium (BMM) supplemented with the indicated carbon source 

were used in all experiments.  

 

For TYG medium, 10g tryptone, 5g yeast extract, 2.5g D-glucose and 0.5g L-Cysteine 

were dissolved in 465 mL of ddH2O. The resulting solution was then immediately 

autoclaved and allowed to cool down to room temperature. In the meantime, Salt 

Solution A was prepared by mixing 0.26g of CaCl2 and 0.48g of MgSO4 in 300 mL of 

ddH2O until fully dissolved where 500 mL of ddH2O was then added. 1g KH2PO, 1g 

K2HPO4 and 2g of NaCl were then added to the solution and stirred at room 

temperature until all salts are fully dissolved followed by the addition of 200 mL of 
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ddH2O to top up the volume. The salt solution was then stored at 4°C for future use. A 

10% (w/v) NaHCO3 solution was prepared by dissolve 50g of NaHCO3 into 500 mL of 

ddH2O followed by filter sterilization with a 0.22 µm filter. A 1.9 mM Hematin – 0.2M 

Histidine solution was prepared by dissolving 60.18 mg of hematin in 1 mL of 1M NaOH 

until fully solubilized, then neutralized with 1 mL of 1M HCl. In a separate beaker, 1.55 g 

of L-Histidine was dissolved in 48 mL of ddH2O. The histidine solution was then 

combined with the hematin solution, filter sterilized with a 0.22 µm filter and stored at 

4°C for future usage. 5 mL of hematin-histidine solution and 10 mL of 10% NaHCO3 

solution were added to the TYG base medium with a 0.22 µm filter. With a separate 

0.22 µm filter, 20 mL of Salt Solution A was then added. The resulting complete TYG 

medium was then stored at 4°C for future usage. 

 

The BMM medium was prepared as previously described77,78. Briefly, a 10x medium 

stock containing 1 M KH2PO4, 150 mM NaCl and 85 mM (NH4)2SO4 was first prepared 

and adjusted to a pH of 7.2. Solutions of 1 mg/mL vitamin K3, 0.4 mg/mL FeSO4, 0.1 M 

MgCl2, 0.8% (w/v) CaCl2, 0.01 mg/mL vitamin B12 and 1.9 mM hematin–0.2 M histidine 

solutions were prepared separately. To prepare 100 mL of BMM,10 mL of the 10x salts 

were mixed with 0.1 g of L-cysteine, 50 μL of vitamin B12 solution, and 100 μL of each 

vitamin K3, FeSO4, MgCl2, CaCl2 and hematin-histidine solution. All carbon sources 

were added to a final concentration of 5 mg/mL. The media were filter-sterilized using a 

0.22 μm filter unit and degassed in the anaerobic chamber overnight. All bacteria were 

cultured at 37 °C under anaerobic conditions in a vinyl anaerobic chamber (COY) 

inflated with a gas mix of approximately 5% carbon dioxide, 90% nitrogen and 5% 

hydrogen (CarbaGas). Bacteria were first streaked on brain heart infusion plates 

(SigmaAldrich) containing 10% sheep blood (TCS BioSciences). Single colonies were 

then inoculated in BMM and grown overnight.  

 

2.5.2 Microchannels fabrication 
Microchannels were fabricated by standard soft-lithography as previously described79. 

Simple channels with dimensions of 2 cm-length, 2 mm-width and 300μm-height were 

used in all biofilm experiments. Upon cutting out the cured PDMS (Sylgard 184, Dow 
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Corning) channels, 1 mm inlet and outlet, along with a 3 mm holes were punched 

immediately downstream of the inlet. The PDMS was then bound to sonicated glass 

coverslips without plasma treatment. Microfluidics chips were then fabricated by loading 

medium through the inlet until the 3 mm hole was filled up, where a piece of PDMS was 

then placed on top to seal the hole, serving as the bubble trap of the resulting channel. 

Medium was then loaded until the channel was filled. 

 

2.5.3 Biofilm growth and microscopy 
All biofilm growth experiments were performed in TYG medium, BMM-glucose or BMM-

arabinan. Arabinan from sugar-beet (Megazyme) was used for all experiments involving 

arabinan. Overnight monocultures of Bt and Bf were grown in either TYG medium or 

BMMG according to the medium used for the subsequent biofilm experiments. To 

initiate biofilm formation in flow, cell cultures were diluted to a final OD of 0.1 where 5 µL 

of the diluted bacterial culture was then loaded into the microchannels through the outlet 

and incubated for 15 minutes for initial attachment. The inlet was then connected to a 

10 mL disposable syringe (BD Plastipak) filled with the medium and mounted onto a 

syringe pump (KD Scientific), using a 1.09 mm outer diameter polyethylene tube 

(Instech) and a 27G needle (Instech). All biofilms were then grown anaerobically for 3 

days at room temperature under the volume flow rate of 2.0 μL/min. Upon 3 days of 

growth, the tubings were carefully disconnected. The biofilms were then removed from 

the anaerobic chamber and incubated in an oxygenated environment for 2 hours to 

allow for fluorescent protein folding while maintaining biofilm integrity. The biofilms were 

then imaged by fluorescence confocal microscopy. Imaging were performed with the 

40x APOChromat water immersion objective with a numerical aperture (N.A.) of 0.95 

and the 100x oil immersion objective with an N.A. of 1.45. Fiji was then used for the 

display of all images. 

 

2.5.4 Sample preparation for proteomics 
Bt or Bf were grown 3 days anaerobically into biofilms in TYG medium. Resulting 

biofilms were then unplugged from the inlet tubings, where 200 µL of lysis buffer 
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containing 2% SDS, 100 mM HEPES pH 8.0 was used to flush out cells within the 

channels and collected through the outlet. The resulting mixture was then used to flush 

out cells from 2 other biofilms, to generate enough protein for subsequent mass 

spectrometry analysis. The PDMS was then carefully disconnected from the glass 

coverslip, where a sterile blade was used to scrape off cells which remain attached to 

the glass surface. Resulting pellets were then resuspended in the 200 µL of lysis buffer 

containing cells which had been successfully flushed out. BCA assays were then 

performed to determine the total concentration of protein present in the cell lysates, 

where an aliquot containing 20 µg of protein content were collected for downstream 

mass spectrometry analysis. For detailed downstream steps, refer to section 2.5.9. 

 
2.5.5 Sample preparation, RNAseq and data analysis 
Bf biofilms were grown 3 days anaerobically at room temperature. The resulting biofilms 

were unplugged and cells were harvested and lysed as samples prepared for 

proteomics experiments. Trizol and chloroform were then added to the harvested cells 

according to the manufacturer’s protocol (ThermoFisher Scientific) and centrifuged at 

12000 rcf, 4°C for 15 mins. Total RNA was then isolated through the transfer of the 

aqueous phase to a new Eppendorf tube. RNA was then precipitated through the 

addition of isopropanol and centrifuged at 12000 rcf, 4°C for 10 mins. The supernatant 

was then discarded and the RNA pellet was washed with 75% ethanol and centrifuged 

at 7500 rcf, 4°C for 5 mins. The resulting supernatant was discarded and the RNA pellet 

was vacuum dried, followed by resuspension in 50 µL of RNase-free water. RNA was 

further purified with a Nucleic Acid Concentrator Column (Zymo Research), where the 

concentration and quality of the total RNA was tested by Nanodrop and Tapestation. 

rRNA depletion was then performed on RNA samples with the Pan-Bacteria riboPOOL 

kit (SiTOOLs Biotech) based on the detailed protocol provided by the supplier. gDNA 

were then removed from the depleted RNA samples with the Heat&Run gDNA removal 

kit (ArcticZymes). Library prep was then performed with the NEBnext ultra II directional 

RNA kit (New England Biolabs), and RNAseq was performed with the Nexteq PE75 with 

130mio reads. 
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Transcriptomics analysis was done using usegalaxy.org. Briefly, the .fastq raw data from 

RNAseq was imported into galaxy, along with the chromosomal DNA sequence of B. 

fragilis NCTC-9343. HISAT2 was then used for mapping reads to the genome. The 

resulting mapped reads and a gene description file (.gff) were fed to HTseq-Count, 

where the number of reads per gene were counted. Differential expression across two 

conditions were then analyzed by DEseq2, followed by annotation of all genes by 

Annotate. 

 

2.6 Supplementary information appendix 

2.6.1 Supplementary figures 

 
Locus tag Description log2(FC) 
BF9343_1441 hypothetical protein 4.2982709 
BF9343_1409 fimbrillin family protein 4.2941517 
BF9343_1413 conjugal transfer protein 4.2934788 
BF9343_1406 hypothetical protein 4.2904585 
BF9343_1394 DUF4373 domain-containing protein 4.2904502 
BF9343_1440 hypothetical protein 4.2854021 
BF9343_1397 DUF2786 domain-containing protein 4.2842235 
BF9343_1395 hypothetical protein 4.2814494 
BF9343_1396 toprim domain-containing protein 4.2776856 
BF9343_1417 conjugative transposon protein TraM 4.2734336 
BF9343_1415 hypothetical protein 4.2550108 
BF9343_1416 membrane protein 4.2546544 
BF9343_1404 DUF3127 domain-containing protein 4.2511155 
BF9343_1410 fimbrillin family protein 4.2418331 
BF9343_1430 NA 4.2317821 
BF9343_1407 hypothetical protein 4.2286652 
BF9343_1421 M23 family metallopeptidase 4.2150322 
BF9343_1400 hypothetical protein 4.2101099 
BF9343_1408 fimbrillin family protein 4.2019525 
BF9343_1391 hypothetical protein 4.1927374 
BF9343_1398 hypothetical protein 4.1909119 
BF9343_1392 NA 4.1894324 
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BF9343_1393 DUF4373 domain-containing protein 4.1872427 
BF9343_1405 DUF3575 domain-containing protein 4.1858336 
BF9343_1429 DNA adenine methylase 4.1779252 
BF9343_1399 hypothetical protein 4.1732542 
BF9343_1411 hypothetical protein 4.1695642 
BF9343_1422 hypothetical protein 4.167513 
BF9343_1401 NA 4.1576394 
BF9343_1389 hypothetical protein 4.146028 
BF9343_1420 conjugative transposon protein TraN 4.1240819 
BF9343_1403 hypothetical protein 4.0943763 
BF9343_1443 hypothetical protein 4.066954 
BF9343_1412 NA 4.003478 
BF9343_3304 hypothetical protein -4.031547 
BF9343_0168 magnesium-translocating P-type ATPase -4.0609429 
BF9343_4125 NA -4.0850182 

BF9343_0854 
RagB/SusD family nutrient uptake outer 
membrane protein -4.0966554 

BF9343_2294 hypothetical protein -4.105407 
BF9343_2262 winged helix-turn-helix domain-containing protein -4.1565293 
BF9343_2565 Hsp20/alpha crystallin family protein -4.2213729 
BF9343_1151 DUF4890 domain-containing protein -4.224523 
BF9343_3337 NA -4.2247098 
BF9343_3257 hypothetical protein -4.2729762 

 
Figure S2.1: Genes significantly upregulated or downregulated in Bf biofilms from 

RNAseq differential expression analysis. All genes with a log2(FC) of greater than +/- 

4 are listed. (N = 1) 
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Chapter 3. Fluid flow structures gut microbiota biofilm 
communities by distributing public goods  
 

 

  

 This chapter focuses on the effect of fluid flow on the organization and 

composition of nutrient sharing biofilm communities. It has been published in PNAS in 

May 2023, as:  

 

Jeremy P. H. Wong, Michaela Fischer-Stettler, Samuel C. Zeeman, Tom J. Battin & 

Alexandre Persat*, Fluid flow structures gut microbiota biofilm communities by 

distributing public goods. 
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3.1 Abstract 
Bacterial gut commensals experience a biologically and physically complex mucosal 

environment. While many chemical factors mediate the composition and structure of 

these microbial communities, less is known about the role of mechanics. Here, we 

demonstrate that fluid flow impacts the spatial organization and composition of gut 

biofilm communities by shaping how different species interact metabolically. We first 

demonstrate that a model community composed of Bacteroides thetaiotaomicron (Bt) 

and Bacteroides fragilis (Bf), two representative human commensals, can form robust 

biofilms in flow. We identified dextran as a polysaccharide readily metabolized by Bt but 

not Bf, but whose fermentation generates a public good enabling Bf growth. By 

combining simulations with experiments, we demonstrate that in flow, Bt biofilms share 

dextran metabolic by-products, promoting Bf biofilm formation. By transporting this 

public good, flow structures the spatial organization of the community, positioning the Bf 

population downstream from Bt. We show that sufficiently strong flows abolish Bf biofilm 

formation by limiting the effective public good concentration at the surface. Physical 

factors such as flow may therefore contribute to the composition of intestinal microbial 

communities, potentially impacting host health.  

 
3.2 Additional background 
Bacterial commensals colonize the physically-complex environment of the 

gastrointestinal (GI) tract as dense mixed communities. While most species tend to 

compete for resources and space, they can also engage in positive interactions that 

promote diversity. Many bacteria secrete compounds such as nutrient chelators80, 

digestive enzymes81, and signalling molecules82 that promote the fitness of neighboring 

cells, either from the same or another taxon. The spatial arrangements of different 

species within biofilms influences how these competitive or cooperative interactions are 

enforced83, ultimately shaping the composition and function of the bacterial 

community84. Spatial structure of communities is however often overlooked in 

investigations of microbiota, both in vivo and in vitro. 
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Interspecies interactions involving public goods are often studied in liquid cultures85, 

where cells, metabolites and secreted molecules are well-mixed. In the GI tract, 

commensals however grow as spatially-structured, dense communities exposed to fluid 

flow86. Forces generated by flow can impact the positioning of single cells in biofilms 

and transport soluble molecules87,88. As a result, advective transport shapes the 

distribution of molecules secreted by surface-associated bacteria. For example, flow 

transports signaling molecules, ultimately structuring gene expression in an isogenic 

community89. By mixing metabolic by-products, flow stabilizes the co-existence of Vibrio 

cholerae producers and engineered cheaters90. In a similar way, intestinal-like flows 

impact the composition of an engineered Escherichia coli cross-feeding community 

growing in microchannels91. Based on these results, we postulate that hydrodynamic 

forces shape the structure of anaerobic gut communities commonly found in the GI 

tract, thereby influencing microbiota composition and metabolic output. Technical 

challenges, including the dearth of methodologies enabling biophysical investigations of 

microbiota biofilms, have so far limited our ability to probe these questions. As a result, 

how metabolic and mechanical factors together mediate the composition and spatial 

structure of a realistic gut microbiota communities is not entirely understood.  

Bacteroides spp. are among the most abundant commensals found in the human 

bowel92. Bacteroides thetaiotaomicron (Bt) is beneficial to human hosts: it confers 

colonization resistance and produces metabolically-accessible short-chain and organic 

acids93. Bacteroides fragilis (Bf) also commonly colonizes the human large intestine, 

conferring health benefits, but can also opportunistically turn pathogenic57. Bf and Bt 

leverage polysaccharide utilization loci (PULs) to metabolize a wide range of complex 

glycans. PUL-encoded proteins process complex polysaccharides into metabolically-

accessible sugars94–98. The genomes of Bacteroidetes species frequently encode 

hundreds of PULs99, allowing these commensals to grow on a broad range of dietary or 

host-derived glycans94,95,97,100.  

 

PULs are often composed of a carbohydrate sensor/transcriptional regulator, various 

surface glycan-binding proteins, a TonB-dependent transporter, and carbohydrate active 

enzymes such as glycosylhydrolases (GHs), polysaccharide lyases and carbohydrate 
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esterases101. Complex fibres often bind to the cell surface where surface-associated 

GHs then initiate cleavage of the bulky polysaccharides. Resulting oligosaccharides can 

subsequently enter the cell96, but are also released in the extracellular environment as 

metabolic by-products101,102, thereby constituting a public good accessible to the rest of 

the community. Thus, a species otherwise unable to utilize the original polysaccharide 

could grow by utilizing this public good103. Consistent with this scenario, Bacteroides 

species share metabolic by-product glycans with other species in liquid cultures103,104. In 

the context of the GI tract, flow could transport these metabolites, affecting their 

distribution and access to other commensals. These changes would impact the spatial 

growth pattern of secondary degraders. Despite their relevance to human health and 

the evidence for metabolic-sharing, the spatial organization of Bacteroides species has 

never been explored experimentally.  

 

We hypothesize that flow impacts the spatial organization of syntrophic microbiota 

communities by transporting metabolic by-product public goods. To demonstrate this, 

we investigated nutrient sharing between Bt and Bf biofilms. We show that both species 

can form robust surface-associated biofilms in flow environments. We found that when 

degrading dextran, a common food additive105, Bt sustains Bf growth in co-culture by 

sharing a metabolic by-product. We found that fluid flows which resemble the ones 

these species experience in the human colon strongly impact the spatial organization 

and composition of these syntrophic Bacteroides biofilm communities. 

 

3.3 Results 
3.3.1 B. theta and B. fragilis form biofilms in flow 
In the intestine, commensals form dense and organized communities associated with 

the mucosal surface64. Bt isolates have variable abilities to form biofilm-like macroscale 

multicellular structures106. Several cellular components such as pili are susceptible to 

contribute to the cohesion of Bt and Bf biofilms62. Whether these multicellular structures 

are sufficiently cohesive and resistant to flow is unclear107. To characterize Bt’s ability to 

form biofilms in flow conditions that replicate the fluidic environment of the intestine, we 
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implemented a microfluidic-based anaerobic biofilm assay for single-cell resolution 

microscopy. We initially seeded Bt constitutively expressing sfGFP in microchannels, 

flushed unattached cells and initiated growth for 4 days under constant flow of 

Bacteroides Minimal Medium (BMM) supplemented with glucose (Fig. 3.1A). To 

visualize colonization patterns, we imaged the surface-associated population using 

spinning disc confocal microscopy outside of the anaerobic chamber.  

 

Bt formed cohesive multicellular structures that remained attached to the surface in the 

face of flow (Fig. 3.1B). Visualizations at the single-cell level showed that bacterial cells 

grew contiguously (Fig. 3.1C). These multicellular structures extended in the depth of 

the channel, roughly 10-15 μm above the coverslip surface. Bf constitutively expressing 

mCherry also formed dense surface-associated communities of contiguous cells with an 

architecture resembling the one of Bt (Fig. 3.1B, C). These observations show that Bt 

and Bf can form surface-attached biofilms that resist shear forces generated by flow 

(Fig. 3.1B, C). As a result, we postulate that flows surrounding Bt and Bf biofilms 

impacts the distribution of secreted molecule, including metabolites, in a way that could 

impact community composition and organization. To test this hypothesis, we 

investigated how a biofilm community composed of Bt and Bf self-organizes when 

sharing or competing for nutrients in flow. 
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Figure 3.1: Bacteroides thetaiotaomicron (Bt) and Bacteroides fragilis (Bf) form 
biofilms in flow. (A) Schematic of experimental procedure for anaerobic biofilm growth 

in flow. (B) Full-channel view of biofilm from (i) Bt constitutively expressing sfGFP and 

(ii) Bf constitutively expressing mCherry. (C) Three-dimensional and close-up view of (i, 

ii) Bt and (iii, iv) Bf biofilms show the tight packing of single cells and growth in the 

channel depth. All biofilms were grown anaerobically for 4 days under flow of 

Bacteroides Minimal Medium (BMM) supplemented with glucose. All biofilms were 

grown anaerobically for 4 days at the flow rate of 0.1 μL/min. 
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3.3.2 Cross-feeding between B. theta and B. fragilis 

Bacteroides species possess dedicated PULs that permits growth on a wide-range of 

polysaccharides108. Bt and Bf are versatile utilizers with 84 and 57 predicted PULs, 

respectively109. Some of these systems process the same polysaccharides in Bt and Bf, 

so that Bt and Bf can compete for a single dietary fiber. Others are specific, in principle 

promoting the growth of only one of the two species. However, polysaccharide 

degradation can release metabolic by-products accessible to the second species. We 

therefore searched for nutrient-sharing conditions by identifying a polysaccharide that Bt 

or Bf alone can metabolize to generate a by-product that can sustain growth of the 

other. Based on previous measurements of Bacteroides growth under various nutrient 

conditions, we selected three candidate polysaccharides susceptible to induce nutrient-

sharing: dextran, arabinan and inulin95,110–112.  

 

We assessed the growth of Bt and Bf in test tubes as mono- and co-cultures in BMM 

media supplemented with each polysaccharide. Bt efficiently grew on dextran and 

arabinan, while Bf could not (Fig. 3.2A). Conversely, Bf grew on inulin, but not Bt. These 

nutrients therefore promote the exclusive growth of a single species out of the two, 

illustrating specificity in polysaccharide utilization by Bt and Bf. To investigate whether 

utilization of one of the three candidate glycans could stimulate nutrient sharing, we co-

cultured Bt and Bf in BMM supplemented with either inulin, arabinan or dextran. We 

mixed Bf-mCherry and Bt-sfGFP at a 1:1 ratio in the initial inoculum. To identify nutrient 

sharing conditions, we quantified the relative population of Bt and Bf in these cultures 

using fluorescence microscopy. After 1 and 2 days of growth in anaerobic conditions, we 

sampled the cultures, incubated them at atmospheric conditions, imaged to count 

mCherry- and sfGFP- positive cells, and finally computed the Bf fraction. In competition 

for glucose, Bt and Bf grew roughly in balance, with only a slight advantage for Bf. In 

arabinan, the fraction of Bf dropped after 1 day, showing it is likely unable to utilize Bt’s 

arabinan metabolic by-products (Fig. 3.2B). Conversely, Bf showed a strong growth 

advantage over Bt in inulin, suggesting that Bf does not produce glycans accessible to 

Bt. The consortium showed a striking difference in dextran: the fraction of each species 
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in co-culture remained close to 50% throughout the 2 days of growth. Growth was 

balanced in dextran of low and high molecular weight alike, suggesting that Bt’s 

capability of utilizing dextran is independent of the polymer’s structure113. These results 

suggest that, while it is unable to grow alone, Bf can benefit from Bt’s growth in dextran 

during co-culture. Consistent with this scenario, Bf grows in Bt spent dextran medium 

(Fig. S3.1). 

 

To verify that Bf grows through exploitation of a public good, we investigated Bt’s 

physiology during dextran fermentation. We first compared the proteomes of Bt growing 

in dextran and glucose. Differential expression analysis shows that Bt strongly 

upregulates a group of proteins in dextran (Fig. 3.2C). These proteins are encoded in an 

operon (BT3086-BT3090) predicted to belong to the PUL48 of Bt109. These genes 

encode for homologues to the nutrient binding protein SusD, the importer protein SusC, 

a SusE homologue and 2 GHs: α-glucosidase II and dextranase. This operon had 

previously been identified as essential for Bt’s growth in dextran in a transposon 

screen114. Alongside PUL48, we also identified a sole GH, BT4581, encoding for an α-

glucosidase which is also highly upregulated in dextran growth. Dextran is a polyglucan 

with α-1,6 and α-1,3 glycosidic linkages. Since the dextranase BT3087 and α-

glucosidases are known to liberate glucose as a product115,116, we therefore 

hypothesized that Bt degrades dextran into glucose or small gluco-oligosaccharides 

which promote Bf growth. 

 

To expose the mechanisms of nutrient sharing, we analyzed the metabolites released 

by Bt during dextran metabolism. We performed High-Performance Anion Exchange 

Chromatography - Pulsed Amperometric Detection (HPAEC-PAD) analysis of BMM-

dextran growth media. Chromatograms of sterile BMM supplemented with glucose and 

dextran showed dense peaks at short and long retention times, respectively. The 

chromatograms of supernatant from Bt cultures in BMM- dextran showed an increased 

density of peaks at short retention times compared to the negative control (Fig. 3.2D). 

The most prevalent peak induced by Bt growth matched the retention time of the 

glucose standard, and was clearly distinct from disaccharide peaks (Fig. S3.2). To test 
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whether Bf utilizes glucose produced by Bt as public good, we inoculated Bf into Bt 

spent medium and analyzed the supernatant after 20 h and 44 h of incubation (Fig. 

3.2E). HPAEC-PAD analysis showed that the glucose peak decreases in amplitude after 

Bf growth. We estimated glucose utilization from spent medium by integrating the 

glucose peak area. Peak area decreased sharply as a function of time of Bf incubation, 

in comparison to the isomaltose peak (Fig. 3.2E, F). Our results show that when 

metabolizing dextran, Bt releases glucose which cross-feeds Bf (Fig. 3.2F, G). 

Therefore, Bf-Bt co-culture in dextran therefore represents a realistic model for 

investigating the feedback between spatial structure and flow during public good sharing 

between microbiota biofilms.  
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Figure 3.2: Bt shares a dextran degradation by-product that enables Bf growth in 
co-cultures. (A) Bt, Bf growth in mono- and co-cultures in dextran, arabinan and inulin. 

We measured optical density (OD) after 2 days. (B) Fraction of Bf in co-culture with Bt in 

the different glycan sources measured by fluorescence imaging (N = 3, error bars: 

standard deviation). (C) Proteomic analysis of Bt growing in dextran. We generated the 

volcano plot based on fold-change in dextran relative to culture in glucose (N = 3). Red 
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and green dots correspond to proteins with statistically significant different fold changes 

(S0 value of 1.0 and FDR cut-off of 0.01). Proteins from genes encoding for PUL48 are 

strongly upregulated (green dots). (D) HPAEC-PAD analysis of the metabolic output of 

Bt and Bf liquid monocultures in dextran. Bt growth in dextran produces metabolites 

whose retention times. 

 

3.3.3 Nutrient sharing structures Bacteroides biofilms 
In any fluidic environment, molecules secreted by biofilm-dwelling bacteria diffuse and 

go with the flow. The relative contributions of these two transport mechanisms impacts 

distribution of these solutes, and ultimately their effective concentration near biofilms. 

We therefore compared the architectures of Bt-Bf biofilm communities sharing public 

goods in the absence and presence of flow. We observed that Bt formed biofilms under 

flow of dextran with similar density and architecture as in glucose (Fig. 3.3A). By 

contrast, Bf alone attached to the channel surface but failed to grow into biofilms (Fig. 

3.3B), as expected from the undetectable growth in liquid culture. However, Bf formed 

biofilms in dextran when co-cultured with Bt (Fig. 3.3C). While Bt uniformly colonized 

the surface in both dextran and glucose, the local spatial arrangement of Bt and Bf cells 

in dextran-grown biofilms was markedly different from conditions without cross-feeding 

(Fig. 3.3C, D). In particular, the mean nearest neighbour distance from Bf to Bt, which is 

a local measurement of how far a Bt cell is from a Bf cell, is larger in dextran than 

glucose (Fig. 3.3C). The short interspecies distance measured in glucose indicates a 

higher degree of mixing. This is likely due to the simultaneous growth of Bf and Bt from 

an initially well-mixed surface-attached population. In this case, Bt and Bf compete for 

space under nutrient excess to rapidly colonize the surface. In dextran, Bt is excluded 

from Bf biofilms, thereby increasing nearest neighbour distance. In this case, nutrient 

limitations explain the increase in lineage segregation117. To test whether sharing 

nutrients reduced Bt fitness, we quantified how the presence of Bf influenced Bt biofilm 

growth. We compared Bt biomass accumulation in the presence and absence of Bf. We 

could not distinguish any difference in Bt colonization between those two conditions, 
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showing Bt does not pay a marked fitness penalty for sharing metabolic by-products 

(Fig. S3.3). 

 

Bf microcolonies only noticeably grew after 3 days of co-culture while Bt already formed 

biofilms early on (Fig. S3.4). This suggests that the Bt population must reach a critical 

density to produce sufficient metabolic by-products to enable Bf growth. Consistent with 

this sequence, Bf biofilms mainly grew on top of Bt biofilms, whereas in glucose they 

tend to grow on the glass surface (Fig. 3.3D). Layered growth could be a consequence 

of the competition for space at the microchannel surface, thereby contributing to the 

large interspecies distance (Fig. 3.3C). In summary, sharing nutrients imposes spatial 

and temporal constraints on biofilm growth in the presence of flow. To reveal the 

contributions of flow in shaping the structure of Bt-Bf communities, we imaged the same 

biofilms grown in the absence of flow. The two-species biofilms also formed, but with a 

more heterogeneous architecture at the single cell level. Again, the nearest neighbour 

distance between Bf and Bt is higher in dextran than glucose, but the difference 

between the two conditions is lower than in flow conditions (Fig. 3.3C, E). We conclude 

that flow plays a crucial role in shaping the architecture of the Bacteroidetes biofilm 

communities. We therefore suspect that flow mediates the organization and composition 

of this community by distributing public goods at the global scale of the community. 
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Figure 3.3: Flow structures syntrophic Bt-Bf biofilm communities at the 
microscale. (A) Bt biofilm growing in dextran. (B) Bf does not form biofilms in dextran. 

However, individual cells still remain attached to the glass surface during the 4 days of 

incubation in flow (close-up view on the right). (C) 4-day Bt-Bf mixed biofilms in flow of 
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glucose (top) and dextran (bottom). Nearest neighbour analysis between Bf and Bt of 

coculture growth in dextran and glucose show increased segregation during cross-

feeding. (D) Three-dimensional structure of 4-day co-culture biofilm in glucose and 

dextran in flow. We computed the fluorescence profile of the biofilm as a function of 

height. In glucose, Bt and Bf grow at the coverslip surface, while Bf grows on top of Bt 

biofilms in dextran (N = 3, shaded regions: standard deviation across replicates). (E) 4-

day Bt-Bf mixed biofilms of in glucose and dextran without flow. Nearest neighbour 

analysis between Bf and Bt of coculture growth in dextran and glucose again show 

increased segregation during cross-feeding. However, the degree of segregation 

difference between the two conditions is less compared to in the presence of flow. All 

biofilms were grown anaerobically for 4 days at the flow rate of 0.1 μL/min. All images 

are representative (N = 9). See figure 4 for quantification and statistical significance. 

 

3.3.4 Flow impacts biofilm community organizations by 
transporting public goods 
In the absence of flow, Bf and Bt co-colonized the entire channel surface (Fig. 3.4A). In 

flow, Bt also formed uniform biofilms but the overall Bf population shifted downstream 

(Fig. 3.4B). This observation is consistent with a mechanism where flow transports Bt-

produced public goods. We quantified the downstream population shift of Bf by defining 

λ as the distance between growth fronts of Bt and Bf populations. We calculated λ by 

first averaging each the fluorescent intensities for each species across the channel, 

computing the position at which each population fluorescence reaches a specified 

threshold to ultimately take the difference between these two distances (Fig. 3.4C). In 

the absence of flow, we found no difference between the population shift in glucose and 

dextran. By contrast, λ increased under flow of dextran, while it had a mild opposite 

effect in flow of glucose (Fig. 3.4D). Our results are consistent with a mechanism where 

fluid flow transports a public good downstream as it is produced by Bt upstream. The 

effective concentration of secreted glucose would thus increase along the channel in the 

direction of flow89. This allows a secondary utilizer to grow, but in a niche separate from 

the primary utilizer. Without flow, dextran utilization by Bt produces free glucose that 
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diffuses around biofilms, slowly accumulating to promote isotropic growth of Bf. Only 

when Bt biofilms reach a sufficient density will they produce an amount of glucose 

promoting Bf biofilm growth. 

 

 
Figure 3.4: Flow impacts biofilm community organization by transporting public 
goods. Bf and Bt biofilms in co-culture grown in dextran for 4 days (A) without flow and 

(B) with flow (flow rate = 0.1 μL/min). (C) Cross-sectional averaged fluorescence 

intensity profiles of Bf and Bt biofilms along the microchannel. Each line corresponds to 

a biofilm from a single co-culture experiment. Bold lines correspond to the average of 9 

replicates. We define the longitudinal population shift λ as the x-position difference 

between the Bt and Bf population across the channel at 25% of the maximal normalized 

fluorescence intensity. (D) Bf longitudinal shift (λ) of co-culture biofilms grown in dextran 

or glucose, in the presence and absence of flow. Statistical test: unpaired t-tests, *** 

0.001 < p < 0.0001 and **** p < 0.0001. 
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3.3.5 Small geometrical feature have a local impact on 
community organization 
The intestinal epithelium surface is decorated with crypts that can host bacteria. Crypt-

shaped structures can have an impact on cell-cell communication by affecting the 

transport of quorum sensing signaling molecules89.  As a result, we wondered whether 

crypt-shaped feature would influence the transport of shared metabolites and ultimately 

affect the spatial organization of Bt-Bf biofilms. To characterize this, we replicated the 

geometry of the colon by fabricating microfluidic channels decorated with lateral crypt-

like features. We grew Bt-Bf biofilms in these channels at a flow rate identical to the one 

applied in straight channels (Fig. 3.5A). We observed that both Bt and Bf co-colonized 

lumen and crypts in both glucose and dextran. The spatial organization of the resulting 

mixed biofilms were qualitatively similar to the ones observed in straight channels (Fig. 

3.5A). Bt and Bf were well-mixed when growing in glucose, both in the lumen and in the 

crypts. We found no growth differences for Bf between the two locations (Fig. S3.5A, B). 

In dextran, Bt uniformly colonized lumen and crypts. Bf grew into biofilms with a 

downstream shift as in the simple channels, both in the lumen and in the crypts (Fig. 

3.5A, B). We could not distinguish any global difference in Bf colonization in the crypts 

relative to the lumen. We however observed that very locally, Bf tends to colonize the tip 

of the crypt features in dextran more densely (Fig. 3.5A). We therefore quantified the 

abundance of Bf at the tip of the crypt relative to the lumen, which confirmed that in the 

downstream regions of the channel where Bf grows the most, its density is highest at 

the crypt ends (Fig. 3.5C). Overall, our results show the importance of transport of 

nutrient from the upstream Bt population within the lumen. Flow patterns impact that 

global spatial organization of the mixed community, whereas small geometrical feature 

only have a local impact on the organization of the community. 
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Figure 3.5: Spatial organization of Bt-Bf biofilms in crypt-like features. (A) Full 

channel view of a Bf-Bt co-culture biofilm in dextran grown in channels decorated with 

crypts (top). Close-up images of colonized crypts at upstream, mid and downstream 

positions of the biofilm (bottom). (B) Proportion of Bf in dextran co-culture biofilms inside 

the lumen and crypts. Bf population favours colonization at downstream positions within 

in lumen. No significant differences in Bf population was observed between the lumen 

and crypt structures. (C) Proportion of Bf in dextran co-culture biofilms at crypt tips 

compared to the lumen. In downstream locations, Bf abundance is higher at the tip of 

the crypts. Statistical test: unpaired t-tests, * p < 0.05. 
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3.3.6 Simulating glucose transport predicts Bf biofilm growth 
The distribution of a public good depends on its diffusion and on transport by flow. The 

non-dimensional Péclet number (Pe) estimates the relative contribution of these two 

transport mechanisms87. In the case of glucose, we calculated that Pe ~ 6 for the flow 

rates applied in our experiments. In physiological conditions, gut contents enter the 

proximal colon under an estimated flow speed of 30 μm/s 118. Flow velocity decreases to 

about 5 μm/s by the end of the ascending colon119. This in turn enforces Pe in a range 

between 1 and 100. We anticipate that glucose distribution, and ultimately the spatial 

arrangement of Bt-Bf biofilms, will consequently strongly depend on Pe. We therefore 

explored the distribution of public goods in silico using finite element simulations for the 

transport of glucose in the fluidic system. 

 

We performed 2D simulations under a laminar flow to compute the glucose 

concentration profile. We assumed a constant flux boundary condition at the channel 

base that models the secretion of glucose by a uniform Bt biofilm degrading dextran. By 

first running these simulations in 2 cm-long channels, we observed that the 

concentration profile shifts in the direction of the flow (Fig. 3.6A, S3.6A). Further 

increasing the flow to reach Pe ~ 100 strongly reduced the glucose concentration 

across the channel, creating a boundary layer of secreted glucose near the channel 

surface. We then computed the glucose concentration profiles near the bottom-surface 

of the channels. We identified a boundary condition that permits Bf growth within the 

channel (Fig. S3.6B). The effective glucose concentration at any given location of the 

channel decreases with increasing Pe, as glucose is being depleted by stronger flows. 

Thus, a glucose concentration enabling Bf growth would be encountered further 

downstream, increasing the population shift. To highlight the dependence of λ on Pe, we 

computed the position along the channel that yields a 1 mM of glucose concentration 

(Fig 3.6B). We find that λ increases with Pe (Fig. 3.6C). The absolute values were 

consistent with the shift we measured at Pe ~ 6.  

 

These simulations confirm that flow can promote the population shifts we observed 

experimentally. Moreover, they predict that further increasing the flow would shift the Bf 
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population further downstream. To experimentally validate this prediction, we fabricated 

~7 cm-long microfluidic channels that would enable visualization at the simulated 

length-scale. We grew Bt-Bf biofilms at Pe ~ 60 in these channels (Fig. S3.7). We 

observed growth of Bf at positions that were much farther downstream than in lower 

flow regimes (Fig. 3.6D, E). Consistent with our simulations, λ increased in comparison 

with lower Pe experiments (Fig. 3.5F) and nearly matched the prediction from 

simulations (Fig. 3.6C). These experimental results further demonstrate that flow 

shapes the landscape of public good availability. We note that the Bf biofilms grew less 

dense in the stronger flow conditions (Fig. S3.8). This could be likely caused by a 

reduction in nutrient concentration induced by flow, and/or by the increased shear stress 

eroding biofilms, which also causes noticeable changes in biofilm morphology (Fig. 

S3.8, S3.9).  
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Figure 3.6. Flow impacts community organization by distributing metabolic by-products. 
(A) Simulated concentration gradient of glucose along a 2 cm-long channel at Pe = 6 and Pe = 

60. (B) Simulated glucose concentration profiles along a 1m long channel under various Pe 

regimes with constant flux boundary condition. We define the populational shift λ as the x-
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position where the glucose concentration reaches 1 mM. (C) Populational shift λ increases with 

Pe in simulations and experimental data. (D) Cross-sectional averaged fluorescence intensity 

profiles of Bf and Bt biofilms along 10 cm-long microchannel at Pe = 60. Each line corresponds 

to a biofilm from a single co-culture experiment. Bold lines correspond to the average of 7 

replicates. (E) Bf longitudinal shift (λ) of co-culture biofilms grown in dextran or glucose under 

high flow (Pe = 60) in long microchannels. (F) Bf longitudinal shifts (λ) of co-culture biofilms 

grown in in dextran under no flow, low flow and high flow conditions. The λ of the high flow 

condition is obtained using the long channels.  

 

3.3.7 Flow impacts community composition 
Our simulations and experiments show that flow can shift Bf population downstream. In 

a channel of finite length, sufficiently strong flow could push Bf outside of the fluidic 

system, thereby affecting community composition. To explore this catastrophic 

possibility, we tested whether a fluidic system whose length is shorter than λ could 

abolish Bf growth. To test this hypothesis, we applied a strong flow in a 2 cm-long 

channel (1 µl/min, Pe = 60, predicting λ = 12 mm). Consistent with our predictions, Bf 

failed to grow as biofilms while single cells remained attached to the surface (Fig. 3.7A). 

We quantified the effect of flow on the stability of Bf by computing the relative 

abundance of Bf and Bt at all flow intensities. Both species grew equally in glucose 

irrespective of flow intensity, ruling out a possible effect of adhesion strength differences 

between Bt and Bf (Fig. 3.7B). In dextran, the Bf fraction was however lower than Bt, 

and decreased as flow increased (Fig. 3.7B), so that the Bf population in the biofilm at 

the highest flow rate was negligible (Fig. 3.7A). Overall, this result demonstrates the 

strong impact of flow and channel geometry on biofilm community composition during 

nutrient sharing.  
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Figure 3.7: Flow impacts community composition during nutrient sharing. (A) 

Confocal images of Bt and Bf co-culture biofilms grown in dextran for 4 days in high flow 

(flow rate, 1 μL/min). (B) Fraction of Bf in co-culture biofilms grown in glucose or dextran 

at different flow rates. Bf fraction decreases with flow in dextran cross-feeding 

conditions, while it remains insensitive to flow in glucose. Error bars show standard 

deviation across replicates. Statistical test: unpaired t-tests, ** 0.01< p < 0.001, *** 

0.001 < p < 0.0001 and **** p < 0.0001. 

 

3.4 Discussion 
In well-mixed liquid cultures of multiple species, social interactions impact the growth of 

each member of the community, ultimately directing ecosystem dynamics. Metabolic 

interactions are common among microbiota species and provide immediate benefits to 

the community and the host. For example, commensals share acetate and butyrate, the 

end-products of carbohydrate metabolism120. In vitro, Bacteroides ovatus produces 

enzymes which degrades complex polysaccharides into oligosaccharides released at 

the cell surface, which can be subsequently utilized by surrounding bacteria103. We here 

found that Bt can share dextran metabolic by-products with Bf, identifying an orthogonal 

syntrophic interaction between gut microbiota species from a common food additive.  
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In the context of biofilms, population structure mediates social interactions between 

different clones or species83. Diffusible solutes such as metabolites and signaling 

molecules frequently mediate these interactions. Recent developments in imaging, 

microfluidics and theoretical biophysics have identified how fluid flow can impact the 

spatial structure and genotypic or phenotypic heterogeneity of biofilms90,91. 

Experimental demonstrations typically employ strains with engineered syntrophic 

interactions. For example, V. cholerae degrades chitin into metabolically-accessible 

saccharides. A mutant lacking a chitinase gene behaves as a cheater when mixed with 

a wild type population in chitin, thereby creating a fitness penalty for the producer. Fluid 

flow relaxes this penalty by dispersing the common good, enabling co-existence90. 

Surface-attached biofilm communities in the GI tract also experience mechanical forces 

generated by the flow of gut content and mucus, which in principle should impact spatial 

organization and community composition. Theory predicts that intestinal flow and 

peristaltic mixing can have a strong impact on microbiota diversity and spatial 

organization, and has been validated with an engineered cross-feeding community of 

Escherichia coli91. Still, the mechanisms by which anaerobic microbiota species interact 

in metabolically in a mechanically-realistic environment have yet to be demonstrated, in 

particular in the context of biofilms, a lifestyle that has been overlooked in investigations 

of the human gut microbiota.  

 

We showed that Bt shares public goods with Bf in a flow-dependent manner which 

enables co-existence in a structured community. These flows replicate the ones which 

the microbiota experiences in the proximal and distal colon. Intermediate flow shifts Bf 

populations downstream from Bt biofilms. In stronger flow in short channels, advection 

reduces the local concentration of metabolic by-product to such an extent that it 

abolishes Bf colonization. Thus, by influencing the transport of signalling molecules or 

public goods, fluid flow mediates social interactions and ultimately microbiota biofilm 

community composition (Fig. 3.8)121. We showed that physiological fluid flow impacts 

the organization and stability of a cross-feeding community composed of two 

physiologically-relevant human microbiota wild-type species. Our results therefore 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 76 

mechanistically demonstrate with physiologically-relevant microbiota members the 

predictions from theory and engineered communities91,119,122.  

 

By controlling the physical and chemical environment of the mucosa, the host creates 

distinct ecological niches along the GI tract123, each of which is colonized by a specific 

set of species124. Thus, gradients of pH, oxygen or mucus production from the stomach 

to the colon impose local selective pressures that drive the spatial organization of the 

microbiota. We showed that flow-dependent transport alone can create such gradients. 

The resulting spatial organization of bacteria produces chemical gradients of 

metabolites and signalling molecules that in turn can impact host physiology, ultimately 

shaping mucosal environment. The spatial structure of microbiota communities thus 

mediates a feedback between host and commensals, ultimately influencing intestinal 

homeostasis and host health.  

 

We postulate that fluid flow mediates the spatial organization of bacteria along the 

human colon in part by influencing the distribution of carbohydrates which constitute 

major metabolic substrates for cross-feeding. Commensals capable of utilizing complex 

polysaccharides have a selective advantage in colonizing the proximal colon. Utilizers of 

simpler glycans produced by primary fermenters would thus colonize the more distal 

colonic regions. Consistent with this, the overall microbial abundance and diversity 

increases from the proximal to the distal colon86. By transporting metabolites 

downstream of primary fermenters, flow strongly impacts community composition and 

can even abolish the growth of a secondary utilizer. Therefore, the biofilm lifestyle and 

flow are crucial factors to consider in investigations of microbiota composition and 

stability.  

 

With a realistic model microbiota that integrates polysaccharide utilization and cross-

feeding in biofilms, we demonstrated that flows at physiologically-relevant velocities 

influence the architecture and composition of microbiota biofilms. We therefore 

postulate that hydrodynamic perturbations induced by changes in intestinal flows or 

viscosity in the GI tract will impact metabolic interactions between commensals, thereby 
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modulating community structure and host physiology. The mechanisms that mediate the 

spatial organization of more complex microbiota communities are still not 

comprehensively understood, but likely combine biochemical and physical factors. As 

an illustration, our observation of enrichment of Bf at the tips of crypts-like features is 

reminiscent of in-vivo experiments that identified a gene associated with preferential 

crypt colonization125. Advances in vivo imaging methodologies of microbial communities 

have the potential to provide a high-resolution perspective on these complex 

communities and on the biological and physical forces driving their assembly at the host 

mucosal surface . A mechanistic understanding of these principles will however require 

combining animal studies with in vitro experimentations like the one we present here. 

The development of organoid-based host models that integrate in vivo parameters 

critical to host-microbiome interactions such as the mucus layer or even peristaltic 

motion will these studies to produce a comprehensive understanding of the elementary 

principles shaping gut microbiota composition and organization126–128.  

 

 
Figure 3.8. Overview of how fluid flow structures nutrient sharing microbial 
communities. Bt releases glucose when metabolizing dextran. Without flow, glucose 
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diffuses anisotropically. Fluid flow transports glucose downstream, generating a 

concentration gradient along the channel. Bf grows downstream in regions with high 

glucose concentration. In sufficiently strong flow, glucose concentration is not sufficient 

to sustain Bf growth. Thus, flow impacts community composition by shaping the 

chemical landscape of public goods. 

 

3.5 Methods 
3.5.1 Strains and culture media 
Bacteroides thetaiotaomicron VPI-5482 sfGFP and Bacteroides fragilis NCTC-9343 

mCherry76 were used for all experiments in this work. Bacteroides minimal medium 

(BMM) supplemented with the indicated carbon source was used in all experiments. 

The medium was prepared as previously described77. Briefly, a 10x medium stock 

containing 1 M KH2PO4, 150 mM NaCl and 85 mM (NH4)2SO4 was first prepared and 

adjusted to a pH of 7.2. Solutions of 1 mg/mL vitamin K3, 0.4 mg/mL FeSO4, 0.1 M 

MgCl2, 0.8% (w/v) CaCl2, 0.01 mg/mL vitamin B12 and 1.9 mM hematin–0.2 M histidine 

solutions were prepared separately. To prepare 100 mL of BMM,10 mL of the 10x salts 

were mixed with 0.1 g of L-cysteine, 50 μL of vitamin B12 solution, and 100 μL of each 

vitamin K3, FeSO4, MgCl2, CaCl2 and hematin-histidine solution. All carbon sources 

were added to a final concentration of 5 mg/mL. The media were filter-sterilized using a 

0.22 μm filter unit and degassed in the anaerobic chamber overnight. All bacteria were 

cultured at 37 °C under anaerobic conditions in a vinyl anaerobic chamber (COY) 

inflated with a gas mix of approximately 5% carbon dioxide, 90% nitrogen and 5% 

hydrogen (CarbaGas). Bacteria were first streaked on brain heart infusion plates 

(SigmaAldrich) containing 10% sheep blood (TCS BioSciences). Single colonies were 

then inoculated in BMM and grown overnight.  

 

3.5.2 Microchannels fabrication 
Microchannels were fabricated by standard soft-lithography as previously described79 

with slight modifications. Three different types of channels were fabricated in this study: 

the simple short channels which are 2 cm-long, 2 mm-wide channels and 300μm-deep, 
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the crypted short channels, which are short channels containing crypt features 500μm-

long and 50 μm-wide and the long channels which are ~7 cm long (6 cm-long straight 

channels and 2 turns of roughly 0.33 cm-long respectively), 2 mm-wide channels and 

300μm-deep. Upon cutting out the cured PDMS (Sylgard 184, Dow Corning) channels, 

1 mm inlet and outlet, along with a 6 mm hole were punched immediately downstream 

of the inlet. The PDMS was then bound to cleaned glass without plasma treatment. 

Medium was then loaded through the inlet until the 6 mm hole was filled up, where a 

piece of PDMS was then used to seal the hole. This hole served as the bubble trap of 

the microchannel. Medium was then loaded until the channel was filled. 

 

3.5.3 Biofilm growth 
All dextran biofilm growth experiments were performed in BMM-dextran (Mw 35000-

45000 Da). For glucose co-cultures, overnight monocultures of Bt and Bf in glucose 

were mixed at a 1:1 ratio upon OD measurements and appropriate initial dilutions. For 

dextran co-cultures, Bt and Bf were mixed at a 1:1 ratio to a final OD of 0.1 and grown 

as a co-culture overnight. To initiate biofilm formation in flow, cell cultures were diluted 

to a final OD of 0.01. 4 µL of the diluted bacterial culture was then loaded into the 

microchannels through the outlet and statically incubated for 15 minutes promoting 

initial attachment. The inlet was then connected to a 10 mL disposable syringe (BD 

Plastipak) filled with the medium and mounted onto a syringe pump (KD Scientific), 

using a 1.09 mm outer diameter polyethylene tube (Instech) and a 27G needle 

(Instech). All biofilms were then grown anaerobically for 4 days at 37°C under the 

volume flow rates of 1.0 μL/min or 0.1 μL/min, which corresponds to the flow velocities 

of roughly 28 μm/s and 2.8 μm/s respectively. These values were chosen as they fall 

into the physiological range of flow velocities between the proximal and the end of the 

ascending colon: approximately 30 μm/s118 and 5 μm/s119. The procedure was identical 

for biofilms growing in no flow conditions so that nutrients can diffuse from syringes. 

Upon 4 days of growth, the tubings were carefully disconnected. For biofilm growth in 

the absence of flow, cells were cultured, and seeded as mentioned above. 10 μL of 

medium was then injected slowly through the inlet to flush away unattached cells. 100 

μL droplets of medium was then carefully deposited on top of the inlet and outlet to 
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prevent the channel from drying. The biofilms were then removed from the anaerobic 

chamber and incubated in an oxygenated environment for 2 hours to allow for 

fluorescent protein folding while maintaining biofilm integrity. The biofilms were then 

imaged by fluorescence confocal microscopy. 

 

3.5.4 Calculation of Péclet numbers (Pe) 
Péclet numbers (Pe) of glucose in each of our flow conditions were calculated based on 

experimental diffusion coefficients glucose in water at 37 °C129. We then computed Pe = 

(𝑣 ∗ ℎ)/𝐷, where ℎ is the microchannel height, 𝑣 the mean flow velocity and 𝐷 the 

diffusion coefficient of glucose. The Pe of glucose under high flow conditions is 8.76 and 

0.88 under low flow conditions. 

 

3.5.5 Microscopy 
All biofilm imaging were performed using a Nikon Eclipse Ti2-E inverted microscope 

coupled with a Yokogawa CSU W2 confocal spinning disk unit and equipped with a 

Prime 95B sCMOS camera (Photometrics). The two objectives used for imaging were 

the 20x APOChromat water immersion objective with a numerical aperture (N.A.) of 

0.95 and the 60x water immersion objective with an N.A. of 1.20. Z-stacks were 

recorded at a 0.5 µm step-height. Fiji was then used for the display of all images. For 

the visualization of the full biofilm, frames were taken across the xy-plane and stitched 

together upon background subtraction as described in the image analysis section. All 

single cell counting experiments in liquid cultures were performed using the Nikon TiE 

epifluorescence microscope coupled with a Hamamatsu ORCA Flash 4 camera and a 

40 x Plan APO NA 0.9 objective. Fiji was then used to display the images.  
 

3.5.6 Image Analysis 
To acquire images of biofilms along the entire channel, tile imaging was performed and 

images were subsequently stitched together using the ‘make montage’ function upon 

background subtraction in Fiji. The relative abundance of Bt and Bf in biofilms were 

calculated by computing the area of coverage by each strain in Fiji. To quantify the 1st 
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nearest neighbor distance between Bf and Bt, we selected 4000 random pixels in the 

segmented sfGFP picture for each stitched biofilm images. We then calculated the 

distance between the selected pixels and their nearest neighbor pixels in the 

corresponding segmented mCherry picture. This way we obtained an average 1st 

nearest neighbor distance for each stitched biofilm images. For each biofilm, the highest 

1st nearest neighbour distance value was filtered out and a mean value of the remaining 

stacks was calculated. To quantify the relative positioning of Bf and Bt, we computed the 

fluorescence intensity along the channel for each 660 μm-wide field of view upon 

background subtraction. The fluorescent intensity of frames corresponding to the same 

x positions were then averaged. This was then used to generate fluorescent intensity 

profiles for Bt and Bf. For each, the biofilm edge was computed as the x-position at 

which the fluorescence reached 25% of the maximum intensity. The difference between 

Bt and Bf upstream edge positions were then calculated to measure the positional shift 

between Bt and Bf, denoted as λ. A similar procedure without averaging the fluorescent 

intensity of frames corresponding to the same x-positions was used to quantify the 

relative distribution of Bt and Bf as a function of biofilm height.  

 

For Bf abundance in channels containing crypts, we first divided the channel into 6 

zones: upstream lumen, upstream crypts, mid lumen, mid crypts, downstream lumen 

and downstream crypts. Within the lumen, the average fluorescence intensity of Bt and 

Bf were measured, where we then calculated the average number of cells of Bt and Bf 

in each respectively by dividing the average intensity of the zone by the average 

fluorescence of individual cells within individual channels. We then sum the number of 

Bt and Bf cells in order to back calculate the % abundance of Bf in each respective 

region. The crypts were analyzed in a similar manner, where the number of Bt and Bf 

cells were quantified in individual crypts. The % abundance of Bf in each individual crypt 

were calculated, and averaged across all crypts which belong to the same zone. 

 

3.5.7 Simulations of concentration gradients in flow 
All simulations were performed in COMSOL Multiphysics 5.4. We defined our channels 

as rectangles with the size of 2 cm by 0.1cm (short channels) and 1 m by 0.1 cm (long 
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channels), with the material being water, liquid. We then simulated the flow profiles 

within our channels under the conditions T = 310.15 K and p = 1 atm, with defined 

channel walls, inlet and outlet using the creeping flow module. We then coupled the 

creeping flow with transport of diluted species, where we defined the initial glucose flux 

of J0,c = 1e-6 mol/(m2s) on the bottom wall of the channels, corresponding to bacteria 

secreting glucose on the surface of the microfluidic channels. The concentration 

gradient along the channels were then simulated with mesh size = normal, under steady 

state. 

 

3.5.8 Competition experiments in test tubes 
Bt and Bf were cultured in Bacteroides Minimal Medium (BMM) supplied with 5 mg/mL 

of D(+)- glucose (Carl Roth), dextran MW 9000-11000 (SigmaAldrich), dextran MW 

35000-45000 (SigmaAldrich), arabinan (Megazyme) and inulin from dahlia tubers 

(SigmaAldrich). To start competition experiments, Bt and Bf were grown separately in 1 

mL of BMM-glucose overnight. The resulting cultures were then pelleted by 

centrifugation and washed twice with PBS. The pellets were then resuspended in PBS, 

where the OD was measured. Bt and Bf were then mixed at a 1:1 ratio to an initial OD 

of 0.1 in each of the carbon sources tested. The cultures were then grown anaerobically 

for 2 days. A microscopy approach was then used to quantify the relative abundances of 

Bt and Bf in these cultures. To achieve this, the cultures were mixed well and 10 µL of 

each cell culture was sampled at day 1 and 2. The cultures were then diluted in PBS 

and incubated at aerobic conditions. The samples were then spotted onto a glass 

coverslip and covered by a thin agarose pad prior to fluorescence imaging by widefield 

fluorescence microscopy. For each sample and replicate, 3 image frames across the 

agar pad were recorded. The relative abundance of sfGFP- and mCherry-expressing 

cells in each sample were then quantified using the ‘analyze particle’ function in Fiji and 

averaged across the 3 frames.  
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3.5.9 Sample preparation, mass spectrometry and data 
analysis for proteomics 
Bt was cultured in BMM-glucose and BMM-dextran (Mw 9000-11000) overnight from an 

initial OD of 0.01. Cells were lysed and lysates containing 20 µg of protein content were 

collected for further analysis. Cell lysates were digested with trypsin using the Filter-

Aided Sample preparation (FASP)130 protocol with minor modifications. Proteins were 

resuspended in 200 µl of 8 M urea; 100 mM Tris-HCl and deposited on top of Microcon-

30K devices. Samples were centrifuged at 9391 g at 20°C for 30 min. All subsequent 

centrifugation steps were performed using the same conditions. An additional 200 µl of 

8 M urea 100 mM Tris-HCl was added and devices were centrifuged again. Reduction 

was performed by adding 100 µl of 10 mM TCEP in 8 M urea, 100 mM Tris-HCl on top 

of filters followed by 60 min incubation at 37 °C with gentle shaking and protected from 

light. Reduction solution was removed by centrifugation and filters were washed with 

200 µl of 8 M urea, 100 mM Tris-HCl. After removal of washing solution by 

centrifugation, alkylation was performed by adding 100 µl of 40 mM chloroacetamide in 

8 M urea, 100 mM Tris-HCl and incubating the filters at 37 °C for 45 min with gentle 

shaking and protected from light. The alkylation solution was removed by centrifugation 

and another washing/centrifugation step with 200 µl of 8 M urea 100 mM Tris-HCl was 

performed. This last urea buffer washing step was repeated twice followed by three 

additional washing steps with 100 µl of 5 mM Tris-HCl. Proteolytic digestion was 

performed overnight at 37 °C by adding 100 µl of Endoproteinase Lys-C and Trypsin 

Gold in an enzyme/protein ratio of 1:50 (w/w) on top of filters. Resulting peptides were 

recovered by centrifugation. The devices were then rinsed with 50 µl of 4% 

trifluoroacetic acid and centrifuged. This step was repeated three times and peptides 

were finally desalted on SDB-RPS StageTips131. 

 

For LC-MS/MS analysis, resuspended peptides were separated by reversed phase 

chromatography on a Dionex Ultimate 3000 RSLC nano UPLC system connected in-line 

with an Orbitrap Lumos (Thermo Fisher Scientific, Waltham,USA). A capillary precolumn 

(Acclaim Pepmap C18, 3 μm-100 Å, 2 cm x 75 μm ID) was used for sample trapping 
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and cleaning. A capillary column (75 μm ID; in-house packed using ReproSil-Pur C18-

AQ 1.9 μm silica beads; Dr. Maisch; length 50 cm) was then used for analytical 

separations at 250 nl/min over 150 min biphasic gradient. Acquisitions were performed 

through Top Speed Data-Dependent acquisition mode using a 1 second cycle time. First 

MS scans were acquired at a resolution of 240000 (at 200 m/z) and the most intense 

parent ions were selected and fragmented by High energy Collision Dissociation (HCD) 

with a Normalized Collision Energy (NCE) of 30% using an isolation window of 0.7 m/z. 

Fragmented ion scans were acquired in the ion trap using a fix maximum injection time 

of 20 ms and selected ions were then excluded for the following 20 s. 

 

Protein identification and label free quantification were performed using MaxQuant 

1.6.10.43132. The B. thetaiotaomicron Uniprot reference proteome database was used 

for this search. Carbamidomethylation was set as fixed modification, whereas oxidation 

(M), phosphorylation (S, T, Y) and acetylation (Protein N-term) were considered as 

variable modifications. A maximum of two missed cleavages were allowed for this 

search. “Match between runs” was selected. A minimum of 2 peptides were allowed for 

protein identification and the false discovery rate (FDR) cut-off was set to 0.01 for both 

peptides and proteins. Label-free quantification and normalisation was performed by 

Maxquant using the MaxLFQ algorithm, with the standard settings133. 

 

In Perseus134, reverse proteins, contaminants and proteins only identified by sites were 

filtered out. Biological replicates were grouped together and protein groups containing a 

minimum of two LFQ values in at least one group were conserved. Missing values were 

imputed with random numbers using a gaussian distribution (width = 0.3, down-shift = 

1.8). Two-samples t-test was performed to identify the differentially expressed proteins, 

followed by a permutation-based correction (False Discovery Rate). Significance curves 

in the volcano plot corresponded to a S0 value of 1.0 and FDR cut-off of 0.01. 

 

3.5.10 Glycan analysis using HPAEC-PAD 
For culture supernatant analysis experiments, Bt or Bf was inoculated into 1 mL of 

BMM-dextran Mw 9000-11000 to a final OD of 0.01. The cultures were then grown 
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overnight for 20 hours anaerobically. The resulting cultures were pelleted by 

centrifugation and the supernatant was collected. Cation and anion exchange 

chromatography with AmberChrom resins (SigmaAldrich) were then used to clean up 

the samples followed by filtering through a 0.22 µm sterilization filter prior to analysis. 

The resulting flow-throughs were then analyzed by HPAEC-PAD. For identification of the 

carbohydrate cross-fed to Bf, we produced Bt spent medium from a 30 mL culture 

grown in BMM-dextran for 20 hours. We pelleted the culture, collected the supernatant, 

and filtered it using a 0.22 µm sterilization filter. We cultured Bf overnight in BMM 

glucose, washed and resuspended them in BMM without any carbon source, and then 

added this to the spent medium at a final OD of 0.01. After 24 and 40 hours of growth, 

we pelleted the cultures and cleaned up the samples with the exact same procedures 

used for the supernatant samples. The sugars were separated on a Dionex CarboPac 

PA-20 column from Thermo Fisher Scientific with the following eluent: A) 100 mm 

NaOH; B) 150 mm NaOH and 500 mm sodium acetate at a flow rate of 0.4 mL/min. The 

gradient was 0 to 15 min, 100% A (monosaccharide elution); 15 to 26 min, gradient to 

10% A and 90% B (malto-oligosaccharide elution); 26 to 36 min, 10% A, 90% B (column 

wash step); and 36 to 46 min step to 100% A (column re-equilibration). Peaks were 

identified by co-elution with known glucose, isomaltose standards using the Chromeleon 

software. The HPLC data was then exported and replotted with the graphing software 

GraphPad Prism 8, where area under the curve of peaks of corresponding samples 

were calculated. 

 

3.6 Supplementary information appendix 
3.6.1 Supplementary figures 
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Figure S3.1: Bt spent dextran medium supports the growth of Bf. We filter-sterilized 

a Bt monoculture in BMM dextran. We then inoculated Bf to this spent medium and 

performed CFU counts at time of inoculation and after 20 h of incubation. Bf density 

increased more than 10-fold, showing that a public good released by Bt through dextran 

degradation supports Bf growth. Error bars show standard deviation across replicates. 

Statistical test: unpaired t-tests, *** 0.001 < p < 0.0001. 
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Figure S3.2: HPAEC-PAD standards for sugar identification. A 10 mM standard 

solution containing glucose, isomaltose and maltose was analyzed by HPAEC-PAD. The 

retention time of glucose, isomaltose and maltose are ~4.5 min, ~7.5 min and ~19.1 min 

respectively. 

 

 

 
Figure S3.3: Bt biofilm growth in dextran is insensitive to the presence of Bf. Area 

of coverage by Bt of monoculture and Bt-Bf co-culture biofilms in dextran reveals no 

significant changes to Bt population induced by the presence of Bf. Error bars show 

standard deviation across replicates. Statistical test: unpaired t-test. 

 

 

 
Figure S3.4: Bf growth in co-culture biofilms are delayed compared to Bt. After 3 

days of co-culture biofilm with Bt, Bf shows no measurable growth. This suggests that 
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the density of Bt biofilms must reach a critical value to produce sufficiently metabolic by-

products to enable Bf growth.  

 

 

 
Figure S3.5: Abundance of Bf in glucose co-culture biofilms in lumen and crypts. 
(A) Bt and Bf uniformly colonize crypt structures in glucose at high density. (B) Bf % 

abundance in the lumen and crypts. No significant differences in Bf abundance were 

observed between the lumen and crypts. 

 

 

 
 

Figure S3.6: Simulation of glucose concentration gradient along channels in the 
presence of flow. (A) Simulated concentration of glucose along a rectangle with a 

length of 2 cm under our 2 flow regimes: Pe ~ 6 ad Pe ~ 60. The data is identical to the 
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one showed in Fig. 6A but displayed with the same concentration scale. (B) Simulated 

glucose concentrations at the surface of a 2 cm long channel at various initial flux 

values (J). We defined the critical concentration of glucose required for Bf growth to be 

1 mM, corresponding to the initial flux J=1x10-6 mol/m2s. Therefore, for all subsequent 

simulations, the J value of 1x10-6 mol/m2s is used.  

 

 

 
Figure S3.7: Bf growth was observed in downstream regions of the long channels 
under high flow. Brightfield image of the growth channel along with closeup 

fluorescence images of Bt, Bf and their overlay from the respective regions of the 

channel. Bf grows into small clusters in positions downstream of the fluid flow. 
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Figure S3.8: Less Bt cells were observed in biofilms grown under higher flow 
conditions. The amount of Bt cells present in biofilms grown under high or low flow 

were assessed by measuring the mean fluorescence intensity of the whole growth 

channel. More Bt cells were present in growth in low flow. Statistical test: unpaired t-

test, **** p < 0.0001. 

 

 

 

Figure S3.9: Flow produces a comet-like shape Bt biofilms at upstream positions. 
Increasing fluid flow leads to increasingly elongated comet- like tails in upstream 

positions of Bt biofilms, possibly due to increasing erosion of the biofilm as flow 

increases. 
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Chapter 4. Size dependent dextran metabolism and 
nutrient sharing by the gut commensal B. 
thetaiotaomicron 
 

 

  

 This chapter focuses on how the mechanisms of how gut commensals B. theta 

and B. fragilis utilize complex carbohydrate nutrients of various molecular weights and 

undergo syntrophy. This chapter is a preliminary version of a manuscript that is to be 

submitted. 
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decreases with polysaccharide molecular weight. 
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4.1 Abstract 
The human colon hosts hundreds of commensal bacterial species, many of which 

ferment complex dietary carbohydrates. To transform these fibers into metabolically-

accessible compounds, microbes often express series of dedicated enzymes 

homologous to the starch utilization system (sus) encoded in polysaccharide utilization 

loci (PULs). The genome of Bacteroides thetaiotaomicron (Bt), a common member of 

the human gut microbiota, encodes nearly 100 PULs, conferring a strong metabolic 

versatility. While the structures and functions of individual enzymes within the PULs 

have been investigated, little is known about how polysaccharide complexity impacts 

the function of sus-like systems. We here show that the activity of sus-like systems 

depends on polysaccharide size, ultimately impacting bacterial growth. We demonstrate 

the effect of size-dependent metabolism in the context of dextran metabolism driven by 

the specific utilization system PUL48. We find that as molecular weight of dextran 

increases, Bt growth rate decreases and lag time increases. At the enzymatic level, the 

dextranase BT3087 is the main glycosylhydrolase for dextran utilization and that 

BT3087 and BT3088 contribute to Bt dextran metabolism in a size-dependent manner. 

Finally, we show that the polysaccharide size-dependent metabolism of Bt impacts its 

metabolic output in a way that modulates the composition of a producer-consumer 

community it forms with Bacteroides fragilis. Altogether, our results expose an 

overlooked aspect of Bt metabolism which can impact the composition and diversity of 

microbiota. 

 

 

4.2 Additional background 
Polysaccharides are complex, polymeric molecules composed of long chains of 

monosaccharide subunits linked together through glycosidic linkages135. These 

molecules are essential to life136 and are commonly found in our daily diets137. Their 

chemical structures are variable due to differences in monosaccharide compositions 

and glycosidic linkage patterns138. As a result, the degradation of these molecules 

requires diverse sets of enzymes that generally target specific polysaccharides. While 
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humans lack the ability to degrade many polysaccharides, their intestinal microbiota 

contains bacterial commensals that are versatile polysaccharide utilizers. In fact, 

microbiota species are selected for the ability to forage more or less complex 

carbohydrates and glycans139. Thus, for many gut microbes, the ability to persist in the 

gut correlates with their ability to utilize dietary fibers and other carbohydrate-based 

nutrients140. Therefore, understanding the mechanisms of polysaccharide utilization by 

gut microbes may provide an understanding to the forces driving the composition of the 

gut microbiota139.  

 

Bacteroides spp. are among the most abundant and well-studied glycan-foraging 

commensals found in the human bowel92. Bacteroides can utilize complex 

carbohydrates through the expression of series of protein systems encoded in 

polysaccharide utilization loci (PULs)141. PULs encode for proteins which bind, cleave 

and import complex polysaccharides into simpler, metabolically-accessible sugars94–98. 

Bacteroides thetaiotaomicron (Bt) can utilize many dietary polysaccharides including 

starch142, arabinan63, levan143, inulin144, rhamnogalacturonan II145, complex dietary N-

glycans100, and even glycans derived from its mammalian hosts such as o-linked 

glycans from mucins and HMO (human milk oligosaccharides)146.  

 

The starch utilization system (Sus) has served as model system for PUL studies142. In 

Bt, 8 genes encode Sus (susRABCDEFG).  SusD, SusE and SusF are outer membrane 

lipoproteins which are responsible for the initial binding of oligosaccharides to the cell 

surface142,147. SusG is an outer membrane-associated α-amylase which hydrolyzes the 

starch into maltooligosaccharides148. The resulting maltooligosaccharides enter the 

periplasm thanks to the TonB-dependent transporter SusC149. These sugars are further 

cleaved by two periplasmic glycosylhydrolases (GHs) SusA (neopullulanase) and SusB 

(α-glucosidase)150,151. The inner membrane-spanning sensor-regulator protein SusR 

regulates the expression Sus genes in response to periplasmic levels of maltose152. 

Other PULs are Sus homologs encoding the nutrient binding and importer proteins 

SusD and SusC, lipoproteins of similar structures to SusE and SusF, along with a series 

of diverse GHs dedicated to a wide range of different complex carbohydrates, which are 
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regulated by a SusR-like protein153. The genome of Bt encode 96 different PULs99, 

allowing them to grow on a broad range of dietary or host-derived glycans94,95,97,100. 

 

Although different PULs are dedicated to the degradation of specific polysaccharides 

with unique glycosidic linkages and monosaccharide compositions, a specific 

polysaccharide may be found with different complexities such as molecular weight (MW) 

and degree of branching138, as in starch produced by different plants154. Sus-like 

systems are composed of multiple surface-exposed components that need to 

coordinate functions to properly cleave and import degraded oligosaccharides. These 

must therefore handle polymers with the vastly differing physical attributes which may 

impact their processability. However, little is known about how MW impacts the efficacy 

of PULs in producing accessible glycans that act as accessible substrate for growth.  

 

In a previous work155, we have identified dextran as a polysaccharide readily utilized by 

Bt. Like starch, dextran is a polyglucan consisting of 2 unique glycosidic linkages: an α-

1,6 linked backbone along with α-1,3 branches156. Dextran is a common additive in the 

food industry105. Unlike starch, dextran polymers are highly soluble in water. Also, due to 

their extensive commercial and clinical applications, there exists many purification 

protocols which produce dextran polymers of defined MW105. Using Bt as model 

commensal and dextran as model dietary fiber, we investigated the impact of 

polysaccharide MW on the efficacy of dextran utilization by Bt. We found that Bt growth 

rate decreases as dextran MW increased. By studying dextran metabolism with Bt 

mutants containing knockouts of PUL48 genes, we identified protein targets within 

PUL48 whose importance in dextran utilization is MW-dependent, thereby suggesting a 

mechanism of size-dependent metabolism. We ultimately demonstrate that size-

dependent metabolism has an impact on the composition of a model microbiota 

community.  
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4.3 Results 
4.3.1 Bt uses PUL48 to degrade dextran 
Bt exposed to dextran as sole carbon source upregulates proteins belonging to the 

predicted PUL48 and the α-glucosidase BT4581155 (Fig. 4.1A). Consistent with this, a 

functional genomic screen identified genes from PUL48 to be essential for growth in 

dextran157. PUL48 comprises of a SusD-like surface associated nutrient binding protein 

(BT3089), a SusC-like TonB-dependent importer protein (BT3090), a SusR-like sensor-

regulator protein (BT3091) and 2 GHs: α-glucosidase II (BT3086) and dextranase 

(BT3087) (Fig. 4.1A). To study the functions of individual PUL48 proteins in Bt dextran 

metabolism, we generated knockout mutants of PUL48 genes (Table 4.1). We first 

characterized the essentiality of these genes for growth in dextran. We grew individual 

mutants in Bacteroides Minimal Medium (BMM) supplemented with dextran (MW = 35 

kDa) over 3 days (Fig. 4.1B). We observed that Bt mutants lacking the α-glucosidase II 

BT3086 and nutrient binding protein BT3088 (SusE) resulted in marginal growth defects 

in dextran. Mutants lacking the α-glucosidase BT4581 showed delayed growth. Mutants 

in nutrient binding protein gene BT3089 (SusD) and importer protein BT3090 (SusC) 

showed severely impaired growth in dextran in comparison to WT Bt. Finally, Bt mutants 

in the regulatory protein BT3091 (SusR) and the dextranase BT3087 were entirely 

unable to grow in dextran (Fig. 4.1B). We examined the growth profiles of Bt mutants 

lacking several GHs: Δ86,81 (double deletion of BT3086 and BT4581), Δ87,81 (double 

deletion of BT3087 and BT4581), Δ86,87 (double deletion of BT3086 and BT3087) and 

Δ86,87,81 (triple deletion of BT3086, BT3087 and BT4581 also suggest that cell growth 

is eliminated only in the case of the loss of dextranase BT3087 (Fig. S4.1A). These 

results suggests that the proteins BT3086, BT3088 and BT4581 are auxiliary proteins 

which promote but are not essential to dextran fermentation. The proteins BT3089 

(SusD) and BT3090 (SusC) are important for the proper growth of Bt in dextran. Their 

absence likely leads to a decrease in nutrient availability to Bt through impaired 

oligosaccharide binding and import.  
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Given the functional results of the mutants on growth phenotypes, we wanted to further 

understand the contributions of each individual GHs: BT3086, BT3087 and BT4581 in 

dextran breakdown. We took an in-vitro approach to address this question, where we 

analysed the degradation products of purified GHs. We first produced the three GHs 

recombinantly: BT3086 (α-glucosidase II), BT3087 (dextranase) and BT4581 (α-

glucosidase), all lacking their signal peptide domains. Individually expressed GH 

constructs were purified by affinity chromatography and subsequently analyzed by SDS-

PAGE (Fig. S4.1B). We then incubated individual GHs in BMM-dextran. We analyzed 

the resulting digested carbohydrate contents by HPAEC-PAD. HPAEC-PAD 

chromatograms of BMM dextran treated by each of the three enzymes all showed 

similar patterns degradations but with quantitative differences (Fig. 4.1C). BT4581 

produced glucose as the sole degradation product, whereas BT3086 produced glucose 

and isomaltose as major degradation products. Finally, BT3087 treatment of dextran not 

only produced glucose and isomaltose as major degradation products, but also other 

higher MW oligosaccharides (Fig. 4.1C, D). These data suggest that the enzyme 

BT3087 is the key GH for the initial debranching of dextran polymers, whereas the 

enzymes BT3086 and BT4581 plays import roles in liberating glucose from dextran – 

oligosaccharides, which may be subsequently metabolized by Bt.   

 

KO name Annotation and function 

ΔBT3086 Deletion of α-glucosidase II BT3086 (GH) 

ΔBT3087 Deletion of dextranase BT3087 (GH) 

ΔsusE Deletion of susE like BT3088 (Surface glycan binding protein) 

ΔsusD Deletion of susD like BT3089 (Surface glycan binding protein) 

ΔsusC Deletion of susC like BT3090 (Oligosaccharide import) 

ΔsusR Deletion of susR like BT3091 (transcription regulator) 

ΔBT4581 Deletion of α-glucosidase BT4581 (GH) 

Δ86,87 Deletion of BT3086 and BT3086 (GH) 

Δ86,81 Deletion of BT3086 and BT4581 (GH) 

Δ87,81 Deletion of BT3087 and BT4581 (GH) 
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Δ86,87,81 Deletion of BT3086, BT3087 and BT4581 (GH) 

 

Table 4.1. Dextran utilization knockout strains generated for this study. 

 

 

 
Figure 4.1: The roles of PUL48 proteins in the mechanism of dextran metabolism. 
(A) List of proteins (green dots) which are significantly upregulated in dextran along with 

their functions. These proteins include 6 proteins belonging to the predicted PUL48, 

along with a sole GH BT4581. (B) Monoculture growths of Bt WT and various PUL48 

KO mutants in dextran. We measured the optical density (OD) of individual cultures 

everyday over the course of 3 days. (C) HPAEC-PAD analysis of dextran medium 

treated overnight with recombinantly expressed GHs: BT3086, BT3087 or BT4581. 

Violet = no treatment, Green = treatment with BT3086, orange = treatment with BT3087 

and blue = treatment with BT4581. (D) Area under the curve analysis of the glucose and 

isomaltose peaks of dextran treated with BT3086, BT3087 or BT4581. BT3086 and 
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BT3087 form both glucose and isomaltose as products, whereas BT4581 forms solely 

glucose. HPAEC-PAD experiments were run in triplicates, we display one 

representative chromatogram. 

 

4.3.2 Bt growth dynamics in dextran is dependent on dextran 
MW 
Dextran polysaccharides exist in a wide range of MW and branching which influence its 

complexity 113,158. We wondered whether the size of the dextran polymer itself may have 

an influence on the concerted activity of the sus-like enzymes, and therefore on dextran 

metabolism and subsequent growth dynamics of Bt. To explore this possibility, we grew 

WT Bt in dextrans of 3 different MWs: MW = 9 kDa, 35 kDa and 200 kDa (total mass of 

dextran is equal between conditions). We cultured Bt for 3 days while measuring optical 

density to eventually generate growth curves (Fig. 4.2A). We then quantified maximum 

OD, lag time and growth rates of individual cultures (Fig. 4.2B). We found that the total 

biomass Bt biomass at its maximum value was independent of dextran MW. However, 

we found important differences in the dynamics of its growth. First, higher dextran MW 

tends to increase lag time, thereby delaying recovery from stationary phase. In addition, 

higher the growth rate of Bt is slower in in higher MW dextran. Overall, this leads to a 

delayed growth pattern for Bt in higher MW dextran polysaccharide (Fig. 4.2A).  

 

As we have already cultured all PUL48 mutants supplemented with dextran 35 kDa in 

test tubes (Fig. 4.1B) and observed growth defects in mutants lacking BT3087, BT3089 

or BT3090, we then wondered whether changes in dextran MW can further impact the 

growth dynamics of these Bt mutants. To explore this question, we measured the growth 

of PUL48 gene knockouts supplemented with 3 different MW of dextran polymers with a 

plate reader (Fig. S4.2). We first quantified and compared the maximum OD of 

individual mutant cultures in each of the dextran media (Fig. 4.2C, S4.3A). Mutants 

lacking the GH BT3087 which could not grow in 35 kDa dextran (Fig. 4.1B), did grow 

well in 10 kDa dextran. By contrast, we observed that Bt mutants lacking BT3089 

(SusD), BT3090 (SusC) or BT3091 (SusR) were unable to grow in dextran of any 
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molecular weight. This result suggests that the activity of BT3087 becomes crucial in Bt 

metabolism for growth in high molecular weight dextran. Finally, we observed that the 

mutant lacking BT3088 (SusE) also grew in all dextran sizes but with weaker growth at 

200 kDa, suggesting that this protein also contribute to dextran utilization at high MW. 

 

We wondered whether these changes in biomass were due to perturbations in growth 

rates or lag time. We thus measured the impact of dextran MW on the growth rate of the 

various Bt mutants by computing the growth rates of all mutants in different sizes of 

dextran (Fig. 4.2D, S4.3C). Like the case of Bt WT, we observed a trend of decreasing 

Bt growth rates as dextran MW increased. The mutants lacking BT3087 all led to a 

decrease in growth rate as dextran MW increased, confirming that BT3087 is a crucial 

GH for supporting Bt growth in high MW dextrans (Fig. S4.3C). The mutant ΔBT3088 

also experienced a sharp decrease in growth rate between growths in dextran 35 kDa 

and 200 kDa (Fig. 4.2D), suggesting the importance of this enzyme in the metabolism of 

high MW dextran polymers by Bt. Finally, we quantified the lag phases of all mutants in 

different MW of dextran. We observed a general increase in lag time as the size of 

dextran increases as in WT Bt. (Fig. 4.2E, S4.3B). The mutant ΔBT3088 showed the 

most drastic increase in lag phase between dextran 35 kDa and 200 kDa.  

 

Overall, our data suggest a dextran size dependent growth pattern in Bt. As dextran MW 

increases, this leads to a decreased growth rate of Bt. We identified that three enzymes 

within PUL48:  BT3089 (SusD), BT3090 (SusC) and BT3091 (SusR) which are crucial 

for Bt growth in any dextran size. We also found that BT3087 and BT3088 (SusE) 

promote Bt dextran metabolism at high MW. Interestingly, our data also suggest that 

large dextran oligosaccharides of 9 kDa can be metabolized by Bt without the aid of 

BT3087. 
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Figure 4.2 Growth profile quantifications from growth curves of various Bt 
mutants in 4 different sizes of dextran. (A) Growth curves of Bt WT in 3 different 

sizes of dextran. N = 4. (B) Extracted parameters from wildtype Bt growth curves in 

dextran. We quantified the maximum OD, lag phases and growth rates of Bt WT in 3 

different sizes of dextran. We observed a general trend where increasing dextran sizes 

lead to an increase in lag phase and a decrease in growth rate. (C) Maximum OD of 

each single mutant cultures in 3 different sizes of dextrans. (D) Quantified growth rates 

of individual mutants in 3 different sizes of dextrans. Mutants which failed to grow were 
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omitted. (E) Quantified lag time of individual mutant cultures in 3 different sizes of 

dextrans. Mutants which failed to grow were omitted. (B-E) All growth experiments: N = 

4, error bars: standard deviation. Statistical test: t-tests were performed between pairs 

of dextran sizes. ns p > 0.05, * p < 0.05, ** 0.05 < p < 0.01, *** 0.001 < p < 0.0001 and 

**** p < 0.0001. 

 

4.3.3 Tracking dextran binding using fluorescent polymers 
To further investigate the mechanisms of binding and import of polysaccharides of 

various sizes, we designed a fluorescence microscopy-based assay for dextran 

localization at the surface of Bt cells (Fig. 4.3A). We cultured Bt cells all expressing the 

fluorescent protein mCherry constitutively in the following backgrounds: WT, ΔBT3088 

(susE-), ΔBT3089 (susD-) and ΔBT3090 (susC-). We grew these strains in BMM 

containing equal amounts of dextran and glucose. We then diluted the cells in PBS 

supplemented with fluorescein-conjugated dextran of various sizes. The solution was 

then incubated aerobically for one hour, washed and imaged by high-resolution 

fluorescence microscopy. All samples were imaged in both the red and green 

fluorescence channels, which correspond to Bt cells and fluorescent dextrans 

respectively (Fig. 4.3B, S4.4). Microscopy images of Bt incubated with 40 kDa dextran-

fluorescein showed a strong localization of green fluorescence signal to WT and 

ΔBT3088 cells, but not ΔBT3089 and ΔBT3090 cells. These results suggest that 

mutants lacking SusD or SusC lose the ability to bind 40 kDa dextran on the cell 

surface, potentially explaining their inability to grow in dextran (Fig. 4.2C).  

 

We then measured the dextran-binding capacity of each Bt strain by quantifying dextran 

fluorescence per cell normalized to the mCherry fluorescence of the same cell. We then 

average this for all cells. In the case of Bt WT, we could not distinguish differences in 

the dextran binding capacity across the 4 different sizes of dextran polymers tested (Fig. 

4.3C). We then performed the same analysis on PUL48 mutants (Fig. 4.3D-F). First, we 

observed that the deletion of BT3089 (SusD) or BT3090 (SusC) led to a significant 

decrease in green fluorescence upon treatment with dextran polymers of MWs higher 

than 10 kDa (Fig. 4.3D, E), suggesting that these two enzymes are important for the 
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specific localization of dextran molecules to the cell membrane of Bt. Interestingly, the 

deletion of BT3088 (SusE) led to a decrease in green fluorescence localization upon 

treatment with dextran polymers greater than 40 kDa in MW (Fig. 4.3F), suggesting that 

this protein is important in Bt dextran binding in a size-dependent manner. Finally, we 

observed that all 3 deletions led to no significant changes in green fluorescence upon 

treatment with 10 kDa dextran compared to WT (Fig. S4.5), suggesting that this dextran 

binds to Bt’s cell membrane without the aid of the PUL48 machinery. Together, these 

data suggest that the PUL48 enzymes BT3088, BT3089 and BT3090 play crucial role in 

the dextran binding by Bt, and that the MW of dextrans itself does not have an impact 

on the binding capability by WT Bt cells.  

 

 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 103 

 
Figure 4.3: Fluorescent dextran localization to Bt cells. (A) Schematic of 

experimental set-up. Bt cells constitutively expressing mCherry are incubated with 

fluorescein-dextran of various molecular weights for 1 hour, washed and imaged by 

fluorescence microscopy. (B) fluorescence microscopy images of Bt wildtype along with 

various mutants constitutively expressing mChery incubated in dextran 40 kDa 

conjugated to fluorescein. Red channel corresponds to Bt cells, green channel 
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corresponds to dextran, and the overlay corresponds to localization of dextran to Bt 

cells. (C) The binding capacity of various Bt mutants to varying sizes of dextran 

molecules. The binding capacity is defined as the ratio between green and red 

fluorescence signals per individual cells. The ratio for individual cells within a field of 

view were then averaged and plotted.  For all fluorescein dextran binding experiments, 

N = 3. Statistical test: t-tests were performed between pairs of dextran sizes. * p < 0.05, 

** 0.05 < p < 0.01, *** 0.001 < p < 0.0001 and **** p < 0.0001. 

 

4.3.4 PUL48 proteins and dextran size defines the extent of 
nutrient sharing by Bt 
We previously demonstrated that Bt can share by-products of dextran metabolism with 

Bacteroides fragilis (Bf), ultimately guiding community composition and biofilm spatial 

organization155. We thus wondered whether individual PUL48 proteins may influence 

the nature of nutrient sharing by Bt to other members of a community, including in a 

MW-dependent manner. To answer this question, we grew Bt-Bf each constitutively 

expressing distinct fluorescent proteins in competition and monitored the relative 

fraction of each species in the community using fluorescence microscopy (Fig. 4.4A). 

We first quantified overall biomass (via optical density) of the co-cultures after 3 days 

(Fig. 4.4B). The growth patterns in co-cultures were identical to the Bt monocultures in 

dextran from Fig. 1C: co-cultures containing mutants which lacks the GH BT3087 or the 

regulator BT3091 failed to grow. We then measured the abundance of Bf in each co-

culture by sampling each co-culture upon 1, 2, and 3 days of growth under anaerobic 

conditions. When computing the Bf fraction abundance by computing the ratio between 

mCherry- and sfGFP- positive cells (Fig. 4.4C), we found that with when co-cultured 

with WT Bt, the fraction abundance of Bf overtime is maintained at 50%155. This ratio 

however decreases in all Bt PUL48 mutants which have the ability to grow in dextran: 

ΔBT3086, ΔBT3088, ΔBT3089, ΔBT3090, ΔBT4581, and Δ86,81. These results 

suggest that the deletion of any one of these proteins potentially lead to either a 

reduction in availability of metabolic by-products like glucose, which ultimately leads to a 

reduction of nutrient availability for glycolysis in Bt.  



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 105 

Finally, based on different metabolic rates of Bt, we hypothesized that the size of 

polysaccharide polymers modulates nutrient sharing to impact community composition. 

To address this question, we competed Bt WT with Bf WT at a 1:1 ratio in 3 different 

sizes of dextran. We sampled these co-cultures after overnight growth (Fig. 4.4D), 

measured optical density along with the fraction abundance of Bf by fluorescence 

microscopy (Fig. 4.4E). First, we observed that the final OD of co-cultures decrease as 

the size of dextran polymers increased, consistent with our Bt monocultures (Fig. 4.2A). 

We found that co-cultures grown in higher MW dextran (35 and 200 kDa) have a 

decrease in Bf relative abundance (Fig. 4.4E). These results suggest that the size of 

polysaccharides impacts Bt’s growth rate, where reduced Bt growth impacts the amount 

of glucose metabolites generated at a given time. Increasing dextran MW reduced 

glucose production rate and secretion which may decrease Bf growth. Altogether, these 

results show that polysaccharide size can impact nutrient sharing in microbial 

communities, leading to changes in community compositions. 
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Figure 4.4: PUL48 proteins contributes to the extent of nutrient sharing from Bt to 
Bf in dextran. A) Schematic of experimental set-up. Bt WT or mutants expressing 

sfGFP are mixed with Bf WT at a 1:1 ratio. OD measurements and fluorescence 

microscopy were then performed on a daily basis to study coculture growth and Bf 

abundance. (B) Co-culture growths of Bt WT or PUL48 mutants with Bf in dextran. We 
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monitored the optical density (OD) daily over the course of 3 days. (C) Bf fraction 

abundance from competition experiments. Bt strains which failed to grow as 

monocultures has been omitted from co-culture analysis. Our results indicate that the 

loss of any one enzyme associated with PUL48 led to a decrease in nutrient sharing to 

Bf in comparison to WT levels. (D) Co-culture growths of Bt WT with Bf in 3 different 

sizes of dextran polymers. We monitored the OD of individual cultures upon 19 hours of 

growth. (E) Bf fraction abundance from Bt WT - Bf WT co-culture experiments in 3 

different sizes of dextran upon 19 hours of growth. 

 

4.4 Discussion 
During cycles of dietary shifts, changes in glycan composition greatly contribute to 

defining microbiota composition139. PULs functions are quite specific in processing 

glycans. However, within each polysaccharide family, these exists a variety of molecular 

structures introduce another layer of diversity, but how this impacts the functions of 

PULs has been largely overlooked. To comprehensively understand how diet modulates 

commensal species metabolism which ultimately shapes our gut microbiota, it is crucial 

to understand how this physical complexity impacts their metabolic pathways.  

 

We identified a general trend of decreasing Bt growth rates as dextran MW increased. 

We attribute this decrease to the increased structural complexity of dextran polymers 

through branching, which reduces the processivity of PUL48159. As structural complexity 

increases, the liberation of free oligosaccharides and glucose from dextran may become 

increasingly difficult for Bt. This leads to a reduced pool of oligosaccharides and 

glucose, leading to an overall decrease in growth rate in dextran polymers of higher 

MW. At the molecular level, we identified two enzymes whose contribution becomes 

crucial at high MW: the dextranase BT3087 and the SusE like protein BT3088. We 

found a cut-off at 9 kDa for BT3087. This differs from the Sus system SusC-SusD 

complex which selectively imports only short maltoolisaccharides with degree of 

polymerization of 5 – 16 160, much smaller in comparison to the dextran 9 kDa. This may 

be attributed to the overall structure of this particular dextran polymer as it is known that 

dextran 2 to 10 kDa exhibit properties of an expandable coil, with minimal branching113, 
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which potentially allow native dextran to pass through the importer BT3090 (SusC) 

without the aid of BT3087. Another protein which we found to contribute to dextran 

utilization in a size-dependent manner is BT3088 (SusE). The exact roles of SusE-like 

proteins polysaccharide utilization have remained unclear160. However, we observed 

that the deletion of SusE led to a size dependent growth defect in Bt when cultured in 

dextran polymers greater than 35 kDa in size. Our results suggest that BT3088, a SusE 

like protein, likely plays an important role in Bt’s binding to complex dextran polymers or 

oligosaccharides generated by complex dextran metabolism, which subsequently 

facilitates the import of extra oligosaccharides into the cell. 

 

Our results also show that dextran surface binding is a key function in its metabolism 

and depends on surface-exposed GHs. SusC-like and SusD-like proteins plays 

important roles in binding and uptake. Our fluorescein-dextran binding data for 

ΔBT3088 further confirms that SusE plays an important role in Bt binding and accessing 

dextran greater than 70 kDa in size, suggesting the important role of SusE in the 

utilization of high molecular weight dextran by Bt. Our observations are reminiscent of 

adhesion of Ruminococcus bromii, a common member of the gut microbiota which also 

utilize starch, which expresses surface enzymes which facilitates adhesion to starch 

molecules161.  

 

We then sort to understand the contribution of PUL enzymes and polysaccharide 

molecular weight on species interactions and abundance at the community level. It is 

known that in B. ovatus (Bo), the extent of nutrient sharing of metabolite by-products 

through xylan metabolism is dependent on the structural complexity of the 

polysaccharide and the availability of enzymes required for the degradation and 

utilization of the Bo released metabolic by-products162. Here, we observed that the 

deletion of any one protein within PUL48 led to a decrease in Bf abundance in a two-

species community. Such decrease in Bf abundance is likely a result of the reduced 

availability of the public good glucose. The deletion of BT3086 or BT4581, 2 α-

glucosidases which are localized in the periplasm, reduces the formation of glucose 

from oligosaccharides. As BT3087 also generate glucose as a product, extracellular 
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glucose may be preferentially imported by Bt, reducing the overall pool of public goods 

available for Bf to exploit. As the deletion of BT3088 also led to a significant decrease in 

Bf population, BT3088 also likely contribute to the uptake of oligosaccharides in Bt, 

hence also leading to the import of extracellular glucose and reducing nutrient 

availability to Bf.  

 

Previous studies have demonstrated that different types of galactans with differing 

structural complexities have an impact on the species specific fermentation by gut 

microbes, which leads to changes in overall microbiota composition163. More precisely, it 

had been previously demonstrated with blackberry polysaccharides that the MW of the 

polysaccharides impact the rate of fermentation and ultimately the composition of the 

overall microbial community164. Our data also suggests a potential mechanism where 

polysaccharide size impacts nutrient sharing in microbial communities through defining 

the growth rate of the utilizer, restricting the amount of public goods generated and 

shared to the non-utilizer, which ultimately lead to an increasing delay in growth and 

colonization by the non-utilizer. 

 

Overall, our work provides a novel mechanism of commensal selection based on the 

complexity of dietary polysaccharides. Our observations imply that at equal molecular 

composition and concentration, a seemingly identical dietary composition can lead to 

distinct community composition depending on the structure of polysaccharide molecules 

it contains. As many other dietary fibres also likely exist in large ranges of molecular 

weight, understanding how molecular weight impacts utilization by gut microbe may 

lead to the potential design of next generation precision prebiotics.  

 

 
4.5 Methods 
4.5.1 Strains and culture media 
Bacteroides thetaiotaomicron VPI-5482 WT, Bacteroides thetaiotaomicron VPI-5482 

sfGFP and Bacteroides fragilis NCTC-9343 mCherry, along with all Bacteroides 
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thetaiotaomicron VPI-5482 PUL48 knockout mutants (Table 1) were used for 

experiments in this work. TYG medium and Bacteroides minimal medium (BMM) 

supplemented with the indicated carbon source were used in all experiments.  

 

For TYG medium, 10g tryptone, 5g yeast extract, 2.5g D-glucose and 0.5g L-Cysteine 

were dissolved in 465 mL of ddH2O. The resulting solution was then immediately 

autoclaved and allowed to cool down to room temperature. In the meantime, Salt 

Solution A was prepared by mixing 0.26g of CaCl2 and 0.48g of MgSO4 in 300 mL of 

ddH2O until fully dissolved where 500 mL of ddH2O was then added. 1g KH2PO, 1g 

K2HPO4 and 2g of NaCl were then added to the solution and stirred at room 

temperature until all salts are fully dissolved followed by the addition of 200 mL of 

ddH2O to top up the volume. The salt solution was then stored at 4°C for future use. A 

10% (w/v) NaHCO3 solution was prepared by dissolve 50g of NaHCO3 into 500 mL of 

ddH2O followed by filter sterilization with a 0.22 µm filter. A 1.9 mM Hematin – 0.2M 

Histidine solution was prepared by dissolving 60.18 mg of hematin in 1 mL of 1M NaOH 

until fully solubilized, then neutralized with 1 mL of 1M HCl. In a separate beaker, 1.55 g 

of L-Histidine was dissolved in 48 mL of ddH2O. The histidine solution was then 

combined with the hematin solution, filter sterilized with a 0.22 µm filter and stored at 

4°C for future usage. 5 mL of hematin-histidine solution and 10 mL of 10% NaHCO3 

solution were added to the TYG base medium with a 0.22 µm filter. With a separate 

0.22 µm filter, 20 mL of Salt Solution A was then added. The resulting complete TYG 

medium was then stored at 4°C for future usage. 

 

The BMM medium was prepared as previously described77,78. Briefly, a 10x medium 

stock containing 1 M KH2PO4, 150 mM NaCl and 85 mM (NH4)2SO4 was first prepared 

and adjusted to a pH of 7.2. Solutions of 1 mg/mL vitamin K3, 0.4 mg/mL FeSO4, 0.1 M 

MgCl2, 0.8% (w/v) CaCl2, 0.01 mg/mL vitamin B12 and 1.9 mM hematin–0.2 M histidine 

solutions were prepared separately. To prepare 100 mL of BMM,10 mL of the 10x salts 

were mixed with 0.1 g of L-cysteine, 50 μL of vitamin B12 solution, and 100 μL of each 

vitamin K3, FeSO4, MgCl2, CaCl2 and hematin-histidine solution. All carbon sources 
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were added to a final concentration of 5 mg/mL. The media were filter-sterilized using a 

0.22 μm filter unit and degassed in the anaerobic chamber overnight.  

 

All bacteria were cultured at 37 °C under anaerobic conditions in a vinyl anaerobic 

chamber (COY) inflated with a gas mix of approximately 5% carbon dioxide, 90% 

nitrogen and 5% hydrogen (CarbaGas). Bacteria were first streaked on brain heart 

infusion plates (SigmaAldrich) containing 10% sheep blood (TCS BioSciences). Single 

colonies were then inoculated in BMM and grown overnight.  

 
4.5.2 Recombinant expression and purification of Bt GHs  
The amino acid sequences of the GHs BT3086, BT3087 and BT4581 were collected 

from the B. thetaiotaomicron VPI-5482 genome. The amino acid sequences of each 

GHs were first analyzed by SignalP165 in order to identify signal peptide and potential 

transmembrane domains of the GHs. Each of these genes were then amplified by PCR 

without the corresponding signal peptide regions, and cloned into the expression vector 

pET29b containing an N-terminal 10x His-tag. The vector was then transformed into E. 

coli XL10 gold for plasmid production and storage. The resulting plasmid was then 

transformed into E. coli BL-21, where then a 50 mL overnight culture is grown in LB- 

kanamycin (Kan). The overnight culture was then transferred into 2 L of LB-kan, and 

grown until the OD of 0.6 at 37 °C. The cells were then induced with 1M IPTG and 

cultured overnight at 19 °C. The culture was then pelleted, washed, lysed and 

centrifuged at 20000 rpm to remove membrane material. The resulting supernatant was 

then purified using an affinity Ni-NTA column, eluted in 1x PBS, and stored at -80 °C 

until usage. The resulting purified protein were then analyzed by SDS-PAGE to confirm 

expression and identity. 

 

4.5.3 GH activity analysis by HPAEC-PAD 
20 µL of 1 mg/mL purified GHs: BT3086, BT3087 or BT4581 were added to 1 mL of 

BMM-dextran Mw 9000-11000. The mixture was then incubated overnight anaerobically 

at 37°C. Cation and anion exchange chromatography with AmberChrom resins 
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(SigmaAldrich) were then used to remove protein and ions from the medium, followed 

by filtering through a 0.22 µm sterilization filter prior to analysis. The resulting flow-

throughs were then analyzed by HPAEC-PAD. The sugars were separated on a Dionex 

CarboPac PA-20 column from Thermo Fisher Scientific with the following eluent: A) 100 

mm NaOH; B) 150 mm NaOH and 500 mm sodium acetate at a flow rate of 0.4 mL/min. 

The gradient was 0 to 15 min, 100% A (monosaccharide elution); 15 to 26 min, gradient 

to 10% A and 90% B (malto-oligosaccharide elution); 26 to 36 min, 10% A, 90% B 

(column wash step); and 36 to 46 min step to 100% A (column re-equilibration). Peaks 

were identified by co-elution with known glucose, isomaltose standards using the 

Chromeleon software. The HPLC data was then exported and replotted with the 

graphing software GraphPad Prism 8, where area under the curve of peaks of 

corresponding samples were calculated. 

 

4.5.4 In frame deletion knockouts in B. theta 
Bt knockouts were generated as previously described166. Briefly, 700 bp upstream and 

downstream of each gene of interest were amplified from Bt WT by PCR. The resulting 

PCR products were then analyzed on a 1% agarose gel and subsequently gel-

extracted. The knockout plasmid pLGB13 was then restriction digested with PstI and 

BamHI, where the upstream fraction, downstream fraction and digested pLGB13 were 

assembled via Gibson Assembly. The assembled plasmid was then transformed into the 

donor strain E. coli S17. The donor strains carrying the knockout plasmids were then 

grown to an OD of 1-1.2 in LB-Amp 100. At the same time, Bt strains were grown 

anaerobically to an OD of roughly 0.1. The donor culture was then washed with PBS, 

pelleted, and mixed with the Bt culture. The culture is then puddled onto BHI plates 

supplemented with 10% sheep-blood and dried for conjugation aerobically overnight at 

37 °C. The resulting carpet is then resuspended in TYG medium and restreaked onto 

BHI sheep blood plates with gentamycin (Gm) 200 µg/mL and erythromycin (Er) 20 µg/ 

uL and grown anaerobically for 30 hours. Resulting colonies were picked and 

restreaked directly onto another BHI-sheep blood plate containing Gm/Er for another 30 

hours anaerobically. Resulting single colonies were then picked and restreaked onto 

BHI-sheep blood plate containing 0.1 µg/mL of anhydrotetracycline (aTc) for counter-
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selection and grown anaerobically for 30 hours. Resulting single colonies were again 

picked, where colony PCR is then performed, and the resulting PCR product was 

sequenced to confirm whether the knockout was successful. 

 

4.5.5 Insertion of sfGFP and mCherry into B. theta and B. 
fragilis  
Fluorescent strains of Bt and Bf were generated as described previously.76 Briefly, the 

plasmids pWW3452 (GFP) and pWW3515 (mCherry) were transformed into the donor 

strain E. coli S17. The donor was then grown to an OD of 1-1.2 in LB-Amp 100. At the 

same time, Bt or Bf strains were grown anaerobically to an OD of roughly 0.1 (for Bf, 

OD 0.01). The donor culture was then washed with PBS, pelleted and mixed with either 

the Bt or Bf culture. The culture is then puddled onto BHI plates supplemented with 10% 

sheep-blood and dried for conjugation aerobically overnight at 37 °C. The resulting 

carpet is then resuspended in TYG medium and restreaked onto BHI sheep blood 

plates with gentamycin (Gm) 200 ug/mL and erythromycin (Er) 20 ug/ uL and grown 

anaerobically for 30 hours. Resulting colonies were picked and restreaked directly onto 

another BHI-sheep blood plate containing Gm/Er for another 30 hours anaerobically. 

Resulting colonies were then resuspended and screened for fluorescent properties on 

the confocal fluorescence microscope. 

 

4.5.6 Test tube mutant growths and competitions 
For initial growth experiments, Bt and various mutants were cultured in BMM supplied 

with 5 mg/mL of D(+)- glucose (Carl Roth) overnight anaerobically. The resulting 

cultures were then pelleted by centrifugation and washed twice with PBS. The pellets 

were then resuspended in PBS, where the OD was measured. The various Bt strains 

were then diluted to a final OD of 0.1 or 0.01 in BMM dextran (MW = 35000 Da). The 

cultures were then grown anaerobically for 3 days, where the OD of individual mutants 

were measured after day 1, 2 and 3. For Bt mutant competition experiments with Bf, Bt 

and Bf were cultured separately in 1 mL of BMM-glucose overnight. The resulting 

cultures were then pelleted by centrifugation and washed twice with PBS. The pellets 
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were then resuspended in PBS, where the OD was measured. Bt and Bf were then 

mixed at a 1:1 ratio to an initial OD of 0.1 in each of the carbon sources tested. The 

cultures were then grown anaerobically for 3 days. A microscopy approach was then 

used to quantify the relative abundances of Bt and Bf in these cultures. To achieve this, 

the cultures were mixed well and 10 µL of each cell culture was sampled at day 1, 2 and 

3. The cultures were then diluted in PBS and incubated at aerobic conditions. The 

samples were then spotted onto a glass coverslip and covered by a thin agarose pad 

prior to fluorescence imaging by widefield fluorescence microscopy. For each sample 

and replicate, 3 image frames across the agar pad were recorded. The relative 

abundance of sfGFP- and mCherry-expressing cells in each sample were then 

quantified using the ‘analyze particle’ function in Fiji and averaged across the 3 frames.  

 

4.5.7 Growth dynamics of mutants by plate reader 
Bt and various mutants were cultured in BMM supplied with 5 mg/mL of D(+)- glucose 

overnight anaerobically. The resulting cultures were then pelleted by centrifugation and 

washed twice with PBS. The pellets were then resuspended in PBS, where the OD was 

measured. The various Bt strains were then diluted to a final OD of 0.1 in BMM dextran 

(MW = 35000 Da) in a clear COSTAR 96 wells plate with a final volume of medium at 

200 µL. The plate is then completely sealed with parafilm, moved into the Tecan Safire2 

plate reader, and grown anaerobically at 37 °C. settings: kinetic, 5 min cycles, 875 

cycles, shake 10 seconds prior to each analysis cycle. The resulting data were then 

rearranged by a house-built python script, where all growth curves were then plotted by 

the graphing software GraphPad Prism 8. For further analysis for the lag time, max OD 

and maximum growth rate of each conditions, the file of rearranged data was analyzed 

using Pyphe growth curves167.  

 

4.5.8 Bt binding to fluorescent dextrans 
Bt WT mCherry and various mutants containing mCherry were cultured in BMM 

supplied with 5 mg/mL of dextran Mw = 35 kDa overnight anaerobically. The resulting 

cultures were then pelleted by centrifugation and washed twice with PBS. The pellets 
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were then resuspended in PBS, where the OD was measured. We then diluted the cells 

to a final OD of 0.1 in PBS and added fluorescein-conjugated dextran of various sizes to 

the solution, incubated them aerobically for 1 hour and then imaged the solution by 

fluorescence confocal microscopy. For each sample and replicate, 3 image frames 

across the agar pad were recorded. The relative abundance of mCherry- expressing 

cells and sfGFP signal corresponding to dextran binding and import were recorded for 

each single cell within each samples using the ‘analyze particle’ function in Fiji. The ratio 

of sfGFP:mCherry were then quantified for every individual cells within an experiment 

and averaged per experiment. 

 

4.5.9 Microscopy 
All biofilm imaging were performed using a Nikon Eclipse Ti2-E inverted microscope 

coupled with a Yokogawa CSU W2 confocal spinning disk unit and equipped with a 

Prime 95B sCMOS camera (Photometrics). The two objectives used for imaging were 

the 20x APOChromat water immersion objective with a numerical aperture (N.A.) of 

0.95 and the 60x water immersion objective with an N.A. of 1.20. Z-stacks were 

recorded at a 0.5 µm step-height. Fiji was then used for the display of all images. For 

the visualization of the full biofilm, frames were taken across the xy-plane and stitched 

together upon background subtraction as described in the image analysis section. All 

single cell counting experiments in liquid cultures were performed using the Nikon TiE 

epifluorescence microscope coupled with a Hamamatsu ORCA Flash 4 camera and a 

40 x Plan APO NA 0.9 objective. Fiji was then used to display the images.  
 

4.5.10 Sample preparation for Bf proteomics 
Bf was cultured in BMM-glucose, BMM-dextran (Mw 9000-11000) supplemented with 20 

µL of 1 mg/mL purified GHs BT3086, BT3087 and BT4581 or Bt spent medium 

overnight from an initial OD of 0.01. Cells were lysed and lysates containing 20 µg of 

protein content were collected for further analysis. Downstream peptide preparation and 

LC-MS analysis was performed as mentioned prior.  
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Protein identification and label free quantification were performed using MaxQuant 

1.6.10.43132. The B. fragilis NCTC-9343 Uniprot reference proteome database was used 

for this search. Carbamidomethylation was set as fixed modification, whereas oxidation 

(M), phosphorylation (S, T, Y) and acetylation (Protein N-term) were considered as 

variable modifications. A maximum of two missed cleavages were allowed for this 

search. “Match between runs” was selected. A minimum of 2 peptides were allowed for 

protein identification and the false discovery rate (FDR) cut-off was set to 0.01 for both 

peptides and proteins. Label-free quantification and normalisation was performed by 

Maxquant using the MaxLFQ algorithm, with the standard settings133. 

 

In Perseus134, reverse proteins, contaminants and proteins only identified by sites were 

filtered out. Biological replicates were grouped together and protein groups containing a 

minimum of two LFQ values in at least one group were conserved. Missing values were 

imputed with random numbers using a gaussian distribution (width = 0.3, down-shift = 

1.8). Two-samples t-test was performed to identify the differentially expressed proteins, 

followed by a permutation-based correction (False Discovery Rate). Significance curves 

in the volcano plot corresponded to a S0 value of 1.0 and FDR cut-off of 0.01. 

 

4.6 Supplementary information appendix 
4.6.1 Supplementary figures
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Figure S4.1: Involvement of GHs BT3086, BT3087 and BT4581 in Bt dextran 
metabolism. (A) Monoculture growths of Bt double and triple GH knockout mutants. We 

measured the optical density (OD) of individual cultures everyday over the course of 3 

days (B) SDS-PAGE analysis of recombinantly expressed BT3086. BT3087 and 

BT4581 upon purification by Ni-NTA affinity chromatography. 
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Figure S4.2: Growth curves of Bt WT and various PUL48 mutants in 3 different 
sizes of dextran over the course of 3 days.  N = 4, shaded region: standard 

deviation.  
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Figure S4.3: Growth of Bt double and triple GH mutants in 3 different sizes of 
dextran. (A) Quantified maximum OD of each mutant monocultures in dextrans (B) 

Quantified lag phase of double and triple GH mutants in 3 different sizes of dextrans. 

(C) Quantified growth rates of double and triple GH mutants in 3 different sizes of 

dextrans. All growth experiments: N = 4, error bars: standard deviation. Statistical test: t-

tests were performed between pairs of dextran sizes. ns p > 0.05, * p < 0.05, ** 0.05 < p 

< 0.01, *** 0.001 < p < 0.0001. 

 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 121 
 



The Effects of Fluid Flow and Spatial Organization on the Social Interactions in Gut Microbial Communities 
_____________________________________________________________________________________________ 

 122 

Figure S4.4: Visualization of dextran localization to Bt cells. Brightfield fluorescence 

microscopy images of Bt wildtype along with various mutants constitutively expressing 

mChery incubated in (A) dextran 10 kDa, (B) dextran 70 kDa, and (C) dextran 150 kDa. 

All dextrans conjugated to fluorescein. 

 

 

 
Figure S4.5: Dextran uptake capacity of 10 kDa dextran by Bt WT and 3 PUL48 
mutants. No significant difference in the uptake capacity of dextran 10 kDa was 

observed across the 4 strains analyzed. N = 3, Statistical test: Statistical test: unpaired 

t-tests, ns p > 0.05. 

 

 

4.6.2 Appendix 

 
Reagent 

type 

Background Designation Source Description 

Strain B. thetatiotaomicron 

VPI-5482 

Bt WT 76 Bt wildtype 

Strain B. thetatiotaomicron 

VPI-5482 

Bt WT - sfGFP 76 Bt wildtype 

constitutively 
expressing sfGFP 
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Strain B. thetatiotaomicron 

VPI-5482 

Bt WT - mCherry 76 Bt wildtype 

constitutively 

expressing mCherry 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3086 This 

study 

Deletion of α-

glucosidase II BT3086 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3087 This 

study 

Deletion of dextranase 

BT3087 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3088 This 

study 

Deletion of SusE like 

BT3088 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3089 This 

study 

Deletion of SusD like 

BT3089 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3090 This 

study 

Deletion of SusC like 

BT3089 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3091 This 

study 

Deletion of SusR like 

BT3089 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT4581 This 

study 

Deletion of α-

glucosidase BT4581 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3086 sfGFP This 
study 

Bt ΔBT3086 
constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3087 sfGFP This 

study 

Bt ΔBT3087 

constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3088 sfGFP This 

study 

Bt ΔBT3088 

constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3089 sfGFP This 
study 

Bt ΔBT3089 
constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3090 sfGFP This 

study 

Bt ΔBT3090 

constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3091 sfGFP This 

study 

Bt ΔBT3091 

constitutively 

expressing sfGFP 
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Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT4581 sfGFP This 

study 

Bt ΔBT4581 

constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3088 mCherry This 

study 

Bt ΔBT3088 

constitutively 

expressing mCherry 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3089 mCherry This 

study 

Bt ΔBT3089 

constitutively 

expressing mCherry 

Strain B. thetatiotaomicron 

VPI-5482 

Bt ΔBT3090 mCherry This 

study 

Bt ΔBT3090 

constitutively 

expressing mCherry 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ86,87 This 

study 

Deletion of BT3086 and 

BT3087 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ86,81 This 

study 

Deletion of BT3086 and 

BT4581 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ87,81 This 

study 

Deletion of BT3087 and 

BT4581 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ86,87,81 This 

study 

Deletion of BT3086, 

BT3087 and BT4581 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ86,87 sfGFP This 

study 

Bt Δ86,87 constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ86,81 sfGFP This 

study 

Bt Δ86,81 constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ87,81 sfGFP This 

study 

Bt Δ87,81 constitutively 

expressing sfGFP 

Strain B. thetatiotaomicron 

VPI-5482 

Bt Δ86,87,81 sfGFP This 

study 

Bt Δ86,87,81 

constitutively 

expressing sfGFP 

Strain B. fragilis NCTC-9343 Bf mCherry 76 Bf constitutively 

expressing mCherry 

Plasmid - Λpir pWW3452 76 Plasmid for insertion of 

sfGFP into Bt 

Plasmid - Λpir pWW3515 76 Plasmid for insertion of 

mCherry into Bt 
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Plasmid pLGB13 pLGB13 166 Plasmid backbone for 

Bt knockouts 

Plasmid pLGB13 pAB001 This 

study 

Plasmid for the deletion 

of BT3086 

Plasmid pLGB13 pAB002 This 

study 

Plasmid for the deletion 

of BT3087 

Plasmid pLGB13 pAB003 This 

study 

Plasmid for the deletion 

of BT3088 

Plasmid pLGB13 pAB004 This 

study 

Plasmid for the deletion 

of BT3089 

Plasmid pLGB13 pAB005 This 

study 

Plasmid for the deletion 

of BT3090 

Plasmid pLGB13 pAB006 This 
study 

Plasmid for the deletion 
of BT3091 

Plasmid pLGB13 pAB007 This 

study 

Plasmid for the deletion 

of BT4581 

Plasmid pLGB13 pAB008 This 

study 

Plasmid for the deletion 

of BT3087 in ΔBT3086 

Plasmid pET-29b pAB010 This 

study 

Plasmid for the 

recombinant 

expression of BT3086 

Plasmid pET-29b pAB011 This 
study 

Plasmid for the 
recombinant 

expression of BT3087 

Plasmid pET-29b pAB012 This 

study 

Plasmid for the 

recombinant 

expression of BT4581 

 
Table S4.2. List of strains and plasmids generated for this study. 
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Primer 

number 

Primer name Description Primer sequence (5’ -> 3’) 

oAB001 3086 KO up 

FOR 

Knockout 

BT3086 in 

WT 

ATTAGCATTATGAGTCCCGAAGGAACATGGTAC 

oAB002 3086 KO up 
REV 

Knockout 
BT3086 in 

WT 

CTTGAACTCAACGCCTACA 

oAB003 3086 KO 

down FOR 

Knockout 

BT3086 in 

WT 

GGCGTTGAGTTCAAGACCTATCGTTTTTAGTTATTC

CG 

oAB004 3086 KO 

down REV 

Knockout 

BT3086 in 

WT 

CTTGATATCGAATTCAAAGCCGTCCTGTATGAAAA 

oAB005 3087KO up 

FOR 

Knockout 

BT3087 in 
WT 

ATTAGCATTATGAGTATAATCACGGCTTTCCGTT 

oAB006 3087 KO up 

REV 

Knockout 

BT3087 in 

WT 

GGCAGTTGCAACGGAATA 

oAB007 3087 KO 

down FOR 

Knockout 

BT3087 in 

WT 

TCCGTTGCAACTGCCCTTGAATACTTGTTTATTGTT

TTACAATTG 

oAB008 3087 KO 

down REV 

Knockout 

BT3087 in 
WT 

CTTGATATCGAATTCGGCGATAATGGCTGGGG 

oAB009 3088 KO up 

FOR 

Knockout 

BT3088 in 

WT 

ATTAGCATTATGAGTCTTCAATGCCCCGAAACA 

oAB010 3088 KO up 

REV 

Knockout 

BT3088 in 

WT 

ACAAGTATTCAAGATGAAGAAGATAATATA 

oAB011 3088 KO 

down FOR 

Knockout 

BT3088 in 

WT 

ATCTTGAATACTTGTCATATGATCTGTCTAAATGAAT

GATTG 
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oAB012 3088 KO 

down REV 

Knockout 

BT3088 in 

WT 

CTTGATATCGAATTCCGGCAGTACGGAATACGA 

oAB013 3089 KO up 

FOR 

Knockout 

BT3089 in 

WT 

ATTAGCATTATGAGTGCCGTAGTTCTTCTCCG 

oAB014 3089 KO up 

REV 

Knockout 

BT3089 in 

WT 

TTGCTTTTACAATCATTCATTTAGAC 

oAB015 3089 KO 

down FOR 

Knockout 

BT3089 in 

WT 

TGATTGTAAAAGCAATTTCTTCCTCCTGATTTAAAAG

TT 

oAB016 3089 KO 

down REV 

Knockout 

BT3089 in 

WT 

CTTGATATCGAATTCCAATTCATACGTGACCATGC 

oAB017 3090 KO up 
FOR 

Knockout 
BT3090 in 

WT 

ATTAGCATTATGAGTGATTGGGCGCCAGCG 

oAB018 3090 KO up 

REV 

Knockout 

BT3090 in 

WT 

ATCAGGAGGAAGAAAATGAAAAAGAAAC 

oAB019 3090 KO 

down FOR 

Knockout 

BT3090 in 

WT 

TTTCTTCCTCCTGATGTACATCAATTTAAAGTTAATA

TTAGGATTACT 

oAB020 3090 KO 
down REV 

Knockout 
BT3090 in 

WT 

CTTGATATCGAATTCGACTCCAATTCGCAACTGAA 

oAB021 3091 KO up 

FOR 

Knockout 

BT3091 in 

WT 

ATTAGCATTATGAGTTTTAATGGTTACATTGTCCCC 

oAB022 3091 KO up 

REV 

Knockout 

BT3091 in 

WT 

GAAATCCACTACTTTTTTAGCAC 

oAB023 3091 KO 

down FOR 

Knockout 

BT3091 in 
WT 

AAAGTAGTGGATTTCAGCGCCATATGTATTATATCTG

C 
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oAB024 3091 KO 

down REV 

Knockout 

BT3091 in 

WT 

CTTGATATCGAATTCTATAAAAATATTGATGGAGCAA

TGGC 

oAB025 4581 KO up 

FOR 

Knockout 

BT4581 in 

WT 

ATTAGCATTATGAGTAGAAATATATCAGCATTAAACT

TCTCC 

oAB026 4581 KO up 

REV 

Knockout 

BT4581 in 

WT 

GATATAAATGAATTAGTTAATAATCATATGGC 

oAB027 4581 KO 

down FOR 

Knockout 

BT4581 in 

WT 

TAATTCATTTATATCGACGCGACTAAAACGATTGTTC 

oAB028 4581 KO 

down REV 

Knockout 

BT4581 in 

WT 

CTTGATATCGAATTCACCGGAGTACGTCCCCAT 

oAB046 pET29_BT30
86 FOR 

Expression 
of BT3086 

ATCGAATTCGGGATCCGAAAACGCAAAAAGTATATG
TACC 

oAB047 pET29_BT30

86 REV 

Expression 

of BT3086 

GTGGTGGTGGTGCTCGAGTCATAAACGCAGGGAA

ATCC 

oAB050 pET29_BT30

87 FOR 

Expression 

of BT3087 

GATCGAATTCGGGATCCTGCAGCGACGATCATGA 

oAB051 pET29_BT30

87 REV 

Expression 

of BT3087 

GTGGTGGTGGTGCTCGAGTTATTCAGCTACAATCA

TTGTCCA 

oAB052 pET29_BT45

81 FOR 

Expression 

of BT4581 

GGATCGAATTCGGGATCCGAAAGTATCACTTCTCC

TGACG 

oAB053 pET29_BT45

81 REV 

Expression 

of BT4581 

TGGTGGTGGTGGTGCTCGAGTCATTTCCATTTCTT

AATTGATTTCC 

oAB095 3086 3087 

KO up FOR 

Knockout 

BT3087 in 

BT3086 

background 

GATTAGCATTATGAGTAGAAATATGAAGGCAACCGT 

oAB096 3086 3087 

KO up REV 

Knockout 

BT3087 in 

BT3086 

background 

AAACAAGTATTCAAGGGCAGTTGCAACGGAAT 
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oAB097 3086 3087 

KO down 

FOR 

Knockout 

BT3087 in 

BT3086 

background 

CTTGAATACTTGTTTATTGTTTTACAATTG 

oAB098 3086 3087 

KO down 
REV 

Knockout 

BT3087 in 
BT3086 

background 

CTTGATATCGAATTCGGCGATAATGGCTGGG 

 

Table S4.3. List of primers used for this study. 
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Chapter 5. Conclusions 

Throughout my PhD, I have studied the nutrient sharing and biofilm formation by 

Bacteroides under the influence of physical force generated by fluid flow. In this chapter, 

I will briefly summarize key results and present ideas for future directions. 

5.1 Achieved results and discussion 

5.1.1 Biofilm formation by the gut commensals Bacteroides  
 

As described in chapter 2, I first studied the biofilm formation capabilities of gut 

commensals under anaerobic environments. To achieve this goal, I developed an 

anaerobic microfluidics-based technique which allowed for the growth of biofilms under 

anaerobic environments. Using this anaerobic biofilm growth system, I studied the in-

vitro biofilm formation by 4 Bacteroides species: Bt, Bf, Bo and Bv under constant flow 

of the nutrient rich TYG medium. With fluorescence confocal microscopy, I was able to, 

for the first time, observe the surface attachment and subsequent biofilm formation by 4 

Bacteroides species in flow. Each species formed biofilms of interesting, and highly 

varying morphologies, from meteorite like colonies to thick filaments. To further 

understand the underlying mechanisms of biofilm formation which are responsible for 

such differing morphologies, I analyzed both the proteome and transcriptome of these 

species grown as a biofilm versus as a liquid culture. I identified potential genes coding 

for various surface associated cellular filaments such as pili and fimbriae which may 

play crucial roles in the biofilm formation by these commensal bacteria. As the goal of 

the project was to study biofilm communities, I then co-cultured Bacteroides species in 

combinations of two in the nutrient rich TYG medium. I observed that in general, under 

nutrient rich environments where competition dominates, these species all grow 

independently of each other within the co-culture and the abundance of individual 

species are likely determined by growth rates and access to surface space. To 

understand further the role of carbon source on biofilm formation by gut microbes, I 

grew Bt, Bf and Bo biofilms in BMM, a minimal medium where I can control the carbon 
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source. In general, I observed that changes in carbon sources leads to changes in 

biofilm morphologies, suggesting the important role of carbon source in regulating gut 

biofilm structure, which may confer the abundance of species within the community and 

host health. 

 

5.1.2 Nutrient sharing biofilms in fluid flow 

Since the Bacteroides attached to surfaces and formed biofilms in-vitro under anaerobic 

conditions, I then proceeded to study the possibilities of nutrient sharing within the gut 

microbiota community. To achieve this goal, I constructed a model gut microbiota 

consisting of two species: Bt and Bf. I identified dextran as a polysaccharide metabolite 

which is readily metabolized by Bt but not Bf. Bt metabolizes dextran into glucose and 

small oligosaccharides of glucose which are then released into the surrounding 

environment as common goods. Non-utilizers of dextran such as Bf may then feed onto 

the released glucose and grow in the presence of Bt. I then studied how nutrient sharing 

can impact the organization of biofilm communities by co-culturing Bf and Bt in dextran. 

I observed that Bf grows into biofilms in the presence of Bt in an evenly distributed 

manner in the absence of flow. However, in the presence of low flow, the general 

population of Bf is shifted downstream of Bt populations, and this populational shift of Bf 

is dependent on the flow rate of the system. Under conditions of sufficiently high flow, Bf 

population is completely abolished from the ecosystem. These results highlight the role 

of fluid flow in defining the chemical landscape of secreted public goods in the 

environment, which leads to changes in biofilm organization and individual species 

abundance in the gut microbiota, as described in Chapter 3. 

 

5.1.3 Mechanisms of dextran utilization and nutrient sharing 

In chapter 4 of my thesis, I sought to further understand the molecular mechanisms of 

dextran utilization and nutrient sharing by Bt. To achieve this, I analyzed the proteome 

of Bt grown in dextran versus in glucose and identified a cluster of proteins belonging to 

the polysaccharide utilization locus 48 (PUL48) which were significantly upregulated in 
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dextran growth. I generated a mutant library of Bt, consisting of genetic knockouts of 

single genes within PUL48 along with multi glycosoylhydrolase (GHs) knockouts. I 

assessed the growth of individual mutants in various dextran sizes to study the 

importance of individual PUL48 proteins in the growth of Bt in various dextran sizes. My 

results suggested that the proteins BT3089 (SusD), BT3090 (SusC) and BT3091 

(SusR) are crucial for Bt growth in dextran of any size. The proteins BT3087 

(dextranase) and BT3088 (SusE) becomes more important to Bt growth as dextran size 

increases. The GH BT3087 (dextranase) was the most crucial GH for growth in dextran, 

however, its activity is not required for the metabolism of dextran smaller than 9000 Da, 

suggesting the importer protein SusC can import dextrans of high degree of 

polymerization directly without prior processing. In terms of the role of polysaccharide 

size in Bt dextran metabolism, I observed a general trend in Bt growth where growth in 

increasing molecular weights of dextran lead to increased lag time and decreased 

growth rate, suggesting an important link between microbial growth and polysaccharide 

size. Through culturing Bt and various mutants in fluorescently labelled dextran, I also 

observed that the proteins BT3089 and BT3090 are crucial for the localization of 

dextran to Bt’s cell membrane, BT3088 is important for the binding of high molecular 

weight dextran and that the low molecular weight dextran binds to Bt in a non-specific 

manner. Finally, I then co-cultured individual Bt mutants with Bf to study the impact of 

individual PUL48 proteins and dextran size on nutrient sharing by Bt to Bf. In general, I 

observed a decrease in nutrient sharing to Bf in all Bt mutants in comparison to Bt WT 

and also as the size of dextran increased. These results suggest that PULs and intrinsic 

properties like polymer sizes of polysaccharides may impact the overall composition of 

a gut microbial community.  

 
5.2 Future directions 
 
5.2.1 Roles of fimbriae and pili in Bacteroides biofilm 
formation 
  
Through the proteome and transcriptome analysis of Bt and Bf biofilms, I identified 

various genes upregulated under conditions of biofilm growth which corresponds to 
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fimbriae or pili family proteins. To further investigate the importance of extracellular 

filaments such as pili and fimbriae on the surface attachment, biofilm formation and 

structural maintenance, I propose to produce single and multiple knockout mutants of 

the gene targets which were upregulated in biofilm growth. Fluorescent proteins such as 

mCherry or sfGFP may then be inserted into mutants lacking the specific pili or fimbriae 

components and used for experiments including surface adhesion test in flow, biofilm 

growth and biofilm structural analysis.  

 
5.2.2 Fluid flow and nutrient source in Bf filamentation 
When grown as a biofilm in the nutrient rich TYG medium, Bf cells attach to one another 

and assemble into thick filaments which extends far from the surface. However, 

interestingly, this growth morphology was not observed in the absence of flow, or when 

the growth medium was switched to a minimal medium with a fixed carbon source. 

Therefore, to further understand the mechanism behind cellular filamentation by Bf, I 

propose to individually study the contribution by fluid flow and nutrient source. It would 

be interesting to grow Bf biofilms in TYG medium under various flow rates and analyze 

the growth morphologies as a function of growth rates as shear forces and nutrient 

availabilities are different across differing flow conditions. It would also be interesting to 

analyze the nutrient conditions contributing to Bf filamentation because perhaps such 

morphology is only favoured only under nutrient rich conditions in order to maximize 

nutrient uptake and minimize competition for space with other species. Overall, these 

experiments together may provide further insights regarding the ecological advantages 

of forming filamentous biofilms. 

 
5.2.3 Dynamics of gut microbiota biofilms 
During my PhD, I have developed a method for the growth of anaerobic biofilms under 

conditions of medium flow. However, most of the work I have done so far involve solely 

a single carbon source. In the real world, our diets are constantly changing from meal to 

meal. Therefore, it would be interesting to understand how microbial abundance and 

biofilm structure changes because of altering carbon and nutrient sources. To mimic the 
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change in diet, I propose the growth of an initial multi-species biofilm in my microfluidic 

devices under simple, glucose conditions until the community stabilizes. The stabilized 

community will then be exposed to various carbon sources through the changing of 

medium. We can then monitor the abundance of individual species over the course of 

various carbon source changes, and whether a “perturbed” community may return to its 

stabilized state as nutrient source stabilizes.  

 
5.2.4 Biofilm growth of other anaerobes such as C. difficile 
Using my anaerobic microfluidic devices, I was able to grow in-vitro biofilms of various 

anaerobic Bacteroides species. However, this setup may be extended to the growth of 

other anaerobic species such as the notorious pathogen C. difficile (Fig. 5.1). With my 

microfluidic devices, we can study the attachment properties of C. difficile to surfaces, 

along with their biofilm forming capabilities along with morphology. The ability to grow 

biofilms in flow also reduces the amount of non-biofilm cells present in the system, 

which allows for accurate proteome and transcriptome analysis of surface attached 

biofilm cells. Studies of the proteome and transcriptome of surface attached C. difficile 

cells may provide important insights to the mechanisms of surface attachment and 

biofilm formation by the pathogen, which may become future therapeutic targets for the 

prevention of C. difficile infections.  
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Fig. 5.1: Biofilm formation by C. difficile. The pathogen was cultured in the nutrient 

rich TYG medium for 3 days anaerobically, under a flow rate of 1 µL/ min. Surface 

attached cells were then stained with the SYTO green dye and imaged by fluorescence 

confocal microscopy. 

 
5.2.5 A carbohydrate screen for the metabolic steering of 
microbiota communities  
Throughout my PhD, I have performed small carbohydrate screens with various 

commercially available dietary glycans such as inulin, arabinan, dextran and xylans, 

which led to the discovery of nutrient sharing from Bt to Bf in dextran. However, the gut 

microbiota is highly complex and contains 100s of species. Therefore, to get a realistic 

understanding of the overall metabolic interactions shaping the overall stability of the 

microbiota, a more complex model microbiota must be employed. I propose to start with 

sourced microbiota consortia from the Broad Institute-OpenBiome Microbiome library. 

We can then expose this consortium to various “dietary nutrients” including high fibre 

diets versus high fat diets. We can simply measure the changes in abundances of 

individual species within the consortia by performing 16S-RNA sequencing and 
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measuring the short chain fatty acid metabolic output of both consortia exposed to 

healthy versus unhealthy diets. 

With the hope of identifying new carbohydrate-based prebiotics which may steer a 

altered microbiome into its normal state, I propose to then expose the altered gut 

microbiota as a result of unhealthy diet to a high-throughput polysaccharide screen 

containing various polysaccharide sources from human milk oligosaccharides (HMOs) 

to various mammalian N-linked glycans (high mannose, complex and hybrid), O-glycans 

(mucin, O-fucosyl and O-mannosyl), glycosaminoglycans (hyaluronic acid, chondroitin 

sulfates, heparin), and plant and bacterial oligosaccharides (glucans, chitins, mannan, 

arabinan, xylan and fructans). We will then perform 16S-RNA sequencing and short 

chain fatty acid profiling on individual communities incubated in different polysaccharide 

sources to assess the impact of individual polysaccharide sources on influencing 

community abundance and metabolic output of the initially altered community (Fig. 5.2). 

This may then provide interesting polysaccharide candidates which may serve as 

prebiotic molecules for the treatment of dysbiosis. 
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Fig. 5.2: Experimental set-up for identifying polysaccharide targets which steers 
the metabolism of infant microbiota communities. In a 96-well plate, we will 

generate an array containing different carbohydrate sources. We will then culture an 

altered gut microbiota in each condition, quantify the relative abundance of each 

species by 16S-RNA sequencing and analyze the SCFA metabolic output to perform 

relative quantification of butyrate, acetate, and propionate by GC-MS. 

 

5.2.6 Microbiota-host interactions in the colon  
The gut microbiota plays important roles in host health: providing butyrate as an energy 

source31 to the host, aid in complex fibre digestion32 and also training host immunity33. 

However, studies involving microbiota and host health are often performed in mice, 

which does not allow for real-time, dynamic measurements of the gut microbiome. 

Recent advances in technology have led to the development of in-vitro mammalian cell 

models termed organoids, which resembles in-vivo cell physiology. Using organoid 
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models provides several advantages to studying bacteria-host interactions, including the 

use of human cells, which resembles more the actual host physiology and the possibility 

for dynamic studies and imaging. Therefore, as a future direction of this project, I 

propose to bring mammalian cells into the picture, and study how gut microbes colonize 

and interact with the host cells in the human colon using human colon organoids. 

 

First, we will produce organoids from human colonic stem cell as starting biological 

material to better replicate the relevant intestinal section. We will ensure that the colon 

organoids produce a mucosal surface, which is crucial for bacterial colonization and 

subsequent mutualistic interactions with the host. Once a mucosal surface is produced, 

we may then inoculate single bacteria strains commonly found in the gut microbiota, 

expressing fluorescent proteins such as Bt. Fluorescence microscopy may then be 

performed to study the real-time colonization and growth of the bacteria within the 

organoid, which resembles the host environment. With this set-up, we can also then 

easily isolate bacteria and colon cells, where we can then perform transcriptomics to 

study how bacteria host interactions interact the metabolic output of both the bacteria 

and the host. Overall, the future direction of this project would be to further increase the 

complexity of the gut microbe consortia as much as possible, ultimately leading to an in-

vitro, highly physiologically relevant platform which may be used for future studies 

concerning the gut microbiota.  

 

5.2.7 Nutrient sharing and T6SS  

In this thesis, I demonstrated that Bt can nutrient share metabolic by-products to Bf 

through its metabolism of the polysaccharide dextran, supporting the growth of the non-

dextran utilizing Bf. Interestingly, when I analyzed the proteome of Bf in the presence of 

nutrient sharing, I observed that Bf strongly downregulates its Type VI secretion system 

(T6SS), a system used for the antagonization of other members of the Bacteroides 

genus when grown in Bt spent medium or a synthetic dextran medium treated with GHs 

BT3086 (Fig. 5.3B, C) and BT4581 (Fig. 5.3B, C).  
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Fig. 5.3 Bf downregulates T6SS in the presence of Bt nutrient sharing. (A) 
Proteomic analysis of Bf growing in Bt spent medium. We generated the volcano plot 

based on fold-change in dextran relative to culture in glucose (N = 3). Red dots 
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correspond to T6SS proteins with statistically significant different fold changes (S0 value 

of 1.0 and FDR cut-off of 0.01).  (B) Proteomic analysis of Bf growing in dextran medium 

along with GHs BT3086, BT3087 and BT4581. We generated the volcano plot based on 

fold-change in dextran relative to culture in glucose (N = 3). Red dots correspond to 

T6SS proteins with statistically significant different fold changes (S0 value of 1.0 and 

FDR cut-off of 0.01). (C) Correlation analysis between proteins upregulated in SM 

versus Hydro-Dex medium. Red dots correspond to downregulated T6SS proteins 

observed in both conditions. In general, the expression of most proteins across the two 

conditions correlate linearly. (D) Proposed mechanism of Bf “giving back” to Bt in 

dextran, where Bf downregulates its T6SS in order to reduce the killing of Bt, which 

provides itself with the nutrient critical for survival in an environment with polysaccharide 

sources which it cannot utilize itself. 

 

Hence, I hypothesize that polysaccharide utilization and nutrient sharing potentially 

regulates the overall social behaviour of the Bacteroides, including the regulation of 

T6SSs (Fig. 5.3D). To demonstrate this, I would like to first study the regulation of Type 

VI secretion systems under various systems of nutrient sharing and polysaccharide 

sources by RNA-seq and RT-qPCR experiments. To further confirm the validity of the Bf 

proteome data suggesting downregulation of T6SS, microbiology assays will be 

performed, such as the contact dependent killing assay (Fig. 5.3), to confirm the 

changes in bacterial social behaviour. 
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Fig. 5.4: Contact dependent killing by Bf on Bt. Bf wildtype and Bt with erythromycin 

(Er) resistance were mixed at a 10:1 ratio and spotted onto BMM plates containing other 

Bt spent medium, dextran treated with GHs BT3086, BT3087 and BT4581 (Enz), 

glucose or dextran. The colonies were grown on BMM plates for 3 days anaerobically, 

followed by resuspension in PBS. Cultures were then serial diluted and plated onto a 

BHIB plate in the presence of Er. The spotted cultures were allowed to grow for 2 days 

anaerobically, where cfu counts were then performed. 
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