ABSTRACT
WHITTINGTON, HUNTER DAVIS. Packed-bed Bioreactors as Versatile Tools for In Vitro
Microbiome Studies. (Under the direction of Dr. José M. Bruno-Bárcena).
Packed-bed reactors have been utilized in the chemical industry for decades due to their
attractive properties, chiefly a high catalytic surface area. More recently, packed-bed reactors
have been adapted for use in microbiological research largely for this same reason. Several
studies have demonstrated the utility of packed-bed bioreactors in the generation of value-added
products such as lactic acid and in bioremediation applications. However, the vast majority of
these systems utilize only a single strain of microorganism. Thus, we endeavored to demonstrate
the ability of packed-bed bioreactors to maintain complex microbial communities capable of
mimicking in vivo microbial ecosystems such as those found in the soil and in the human infant
gut.
As a proof-of-concept, we developed a packed-bed bioreactor system that, when
inoculated with a soil sample, was capable of continuously maintaining a complex microbial
community for over a month. We also aimed to demonstrate that the biological activity of this
system remained intact by exposing the reactor microbial community to the agrochemical
ametoctradin and quantifying the products of its degradation. Using this packed-bed system, we
were able to generate ametoctradin metabolite profiles similar to those found in the soil and
achieved near-complete degradation of ametoctradin in 72 hours using the packed-bed bioreactor
versus a half-life of 2 weeks in the soil.
Additionally, we utilized our packed-bed bioreactor system to examine the effect of
different carbohydrate compositions on microbial communities derived from the human infant
gut. We found that our system was able to maintain diverse microbial communities of over 150

ASVs while producing metabolite patterns similar to those observed in vivo. Furthermore, we
found that when this system was fed with carbohydrate compositions containing the human milk
oligosaccharide N-Acetyl-D-lactosamine the microbial community demonstrated a high level of
stability, even when exposed to disturbances in the form of changes in the culture medium
supply rate.
Overall, this work demonstrates the versatility of packed-bed bioreactors, particularly
when used for in vitro microbiome studies, and paves the way for future work examining the
microbial community dynamics in various systems that have proven difficult to observe in vivo.
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CHAPTER 1. Established and Emerging In Vitro Models of the
Human Gut Microbiome
Introduction
It is now well understood that the gut microbiome has a strong influence on several
aspects of human health, from irritable bowel syndrome to metabolic syndrome. The advent of
fast, accurate high-throughput DNA sequencing allowed for several foundational studies in the
early 21st century that have initiated paradigm shifts in the fields of microbiology and medicine
(Turnbaugh et al., 2009; Kau et al., 2011; Koenig et al., 2011; Consortium et al., 2012; Ridaura
et al., 2013, among others). Newly-developed consortia such as the Human Microbiome Project
and the MetaHIT project have generated enormous amounts of longitudinal data that have
allowed for the development of new bioinformatics tools which continue to become faster and
more accurate, leading to a boom in studies examining some aspects of host-microbe interactions
such as the gut-brain axis and colorectal cancers (Turnbaugh et al., 2007; Caporaso et al., 2010;
Azcarate-Peril et al., 2011; Ehrlich, 2011; Friedman and Alm, 2012; Langille et al., 2013;
Callahan et al., 2016; Malan-Muller et al., 2017; Saus et al., 2019). These studies, along with
many others, have provided researchers with new therapeutic targets for various human diseases
and disorders.
This improved understanding of the importance of the gut microbiome in human health
has created an interest in examining the effects of various dietary components and medicines on
the composition of the gut microbial community. For example, there has been a renewed interest
in probiotics, prebiotics, and antibiotics, and how they affect the gut microbiome (D'Souza et al.,
2002; Sartor, 2004; Soccol et al., 2010; Azcarate-Peril et al., 2011; Kelesidis and Pothoulakis,
1

2012; Guandalini et al., 2015; Härtel et al., 2017; Ma et al., 2020). However, human trials
examining the effects of these substances both on the gut microbiome composition and on
overall health are not always immediately possible due to potential toxicity concerns. Thus,
researchers must demonstrate the safety and efficacy of a substance before it can undergo human
clinical trials.
For decades, murine models have been used prior to human clinical trials to study the
effects of chemical and biological agents (e.g. antibiotics, prebiotics, and probiotics) in vivo and
thousands of strains of mice have been developed over time to mimic various aspects of human
conditions (Paigen, 2003a; b; Yang et al., 2007). As previously stated, several groundbreaking
studies have shown the incredible role that the intestinal microbiome plays in human health, and
naturally, murine models have been extensively used to examine the response of the gut
microbiota to various stimuli (Azcarate-Peril et al., 2011; Chung et al., 2012; Cani, 2018;
Mosquera et al., 2019). However, mouse models of the gut microbiome have numerous
limitations, including: little overlap of intestinal bacterial lineage, significant differences in diet,
differences in intestinal structure and function, and more (Chung et al., 2012; Nguyen et al.,
2015; Arrieta et al., 2016). Even in humanized mice, a significant portion of the implanted
microbiome, particularly low-abundance Firmicutes, are not able to colonize the mice (Chung et
al., 2012; Arrieta et al., 2016). Although murine models have limitations, they continue to have
great value in biomedical and microbiological studies and recent efforts have been made to
optimize the use of mouse models to study microbiomes (Laukens et al., 2016).
The limitations of murine models, along with their high costs, have prompted researchers
to explore other avenues for microbiome research. In particular, in vitro models of the intestinal
tract have risen to prominence in the past couple of decades, largely due to their simplicity and
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low cost (McDonald, 2017). In addition to their simplicity and cost, in vitro gut fermentation
models (IVGFMs) allow researchers to tightly control experimental parameters such as pH,
temperature, oxygen exposure, and residence time. Furthermore, IVGFMs allow researchers to
monitor real-time production of fermentation byproducts such as short-chain fatty acids (SCFAs)
and gasses such as hydrogen and methane. All things considered, IVGFMs produce robust,
reproducible datasets that include parameters that are very difficult to measure in vivo. In
addition to the large amount of data they generate, IVGFMs provide a closer approximation of
true human gut microbiome dynamics, especially when the model incorporates human cell lines
(Wissenbach et al., 2016; Jalili-Firoozinezhad et al., 2019). This makes IVGFMs especially
attractive when examining the effects of potential novel therapeutics on the composition and
dynamics of the gut microbiome.

Considerations for the Use of In Vitro Gut Fermentation Models
IVGFMs can be attractive alternatives to in vivo studies due to lower costs, more rapid
results, and overall simplicity. However, it is important to consider their limitations when
designing future studies, as different systems can have drastically different properties.
Particularly important parameters to evaluate when deciding whether or not to use a particular
IVGFM are inoculum choice, culture medium choice, and the physiological characteristics of the
system being considered. Together, these three parameters account for most, if not all, of the
variation present in IVGFMs, especially those based around continuous culture systems.
Choice of Inoculum
Careful consideration of inoculum source is vital to any study involving IVGFMs. It is
now well understood that inter-individual variations in diet, health conditions, antibiotic use,
3

breast-feeding status, and even mode of birth have a significant impact on an individual’s gut
microbial community. Additionally, research has shown that individuals’ microbial communities
have significant temporal variation, especially early in life (Bäckhed et al., 2015; Silverman et
al., 2018). Thus, researchers must be mindful of the gut microbial ecosystem which they want to
model and choose their inoculum source accordingly. To minimize the effect of inter-individual
microbial community variation or to simply increase the overall volume of the inoculum, Aguirre
et al. demonstrated that pooling various inoculum sources did not adversely affect the
performance of the inoculum for use in IVGFMs and that the community diversity was not
significantly different between the pooled sample and the individual samples (Aguirre et al.,
2014).
Ideally, to reduce inter-experimental variation, the same inoculum should be used for all
experiments. However, the collection of fresh fecal material is not always possible and, as
previously mentioned, significant temporal variation between collections can cause issues. To
address this issue, samples could be collected, pooled, and preserved until use. Indeed, recent
work has shown that fecal material suspended in dialysate solution with glycerol stored at -80°C
after flash freezing in liquid nitrogen is a possible alternative to fresh feces in IVGFMs (Aguirre
et al., 2015). However, according to a report by Bircher et al., the physiological state of the cells
present in the inoculum (planktonic vs. sessile) and the method of preservation of the inoculum
(frozen vs lyophilized) have a significant impact on of the ability of the community to reestablish
itself after storage (Bircher et al., 2020). According to their report, sessile communities
demonstrated more metabolic activity, but were also more sensitive to disturbances caused by
preservation. Additionally, they found that lyophilization had a greater impact on community
structure and metabolic recovery than freezing (Bircher et al., 2020).
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Culture Medium Considerations
The choice of culture medium is one of the more esoteric aspects to consider when
choosing or designing an IVGFM. Because of the mixed-community nature of these systems, it
is very important to choose a culture medium that can sustain high diversity and physiological
relevance while maintaining relatively low cost, simplicity of preparation, and ease of
downstream analysis (e.g. metabolomics).
Many of the IVGFMs described in this review use culture media that are based on
compositions described in the SHIME paper or by MacFarlane et al. (Molly et al., 1993;
Macfarlane et al., 1998; Cinquin et al., 2004; Mäkivuokko et al., 2006; Feria-Gervasio et al.,
2014; Robinson et al., 2014; Auchtung et al., 2015; McDonald et al., 2015). These two media are
quite similar in composition and are quite complex. In general, they contain multiple carbon
sources (e.g. glucose, starch, inulin, arabinogalactan, mucin), a source of bile acids (e.g. porcine
bile), a source of amino acids (e.g. yeast extract, peptone, casein, tryptone), various salts, and a
surfactant/emulsifier (e.g. Tween 80) (Molly et al., 1993; Macfarlane et al., 1998). However,
extremely complex media compositions such as these can lead to problems with downstream
analysis, particularly metabolite quantification and stoichiometry analyses, due to overlapping
peaks during chromatography. Simpler medium compositions, such as the one proposed by
Whittington et al., are still able to maintain high levels of diversity, mainly by promoting natural
cross-feeding reactions (Whittington et al., 2020a). This medium also simplifies metabolomics
analyses by providing clean inputs to chromatography systems and eliminating dilution steps.
Due to the prevalence of cross-feeding relationships in the gut microbiome (Falony et al.,
2006; De Vuyst and Leroy, 2011; Rios-Covian et al., 2015; Moens et al., 2017; Turroni et al.,
2018), a reformulation of IVGFM culture mediums to incorporate fatty acids such as lactate and
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acetate could promote the growth of organisms that rely on these cross-feeding relationships and
prevent their washout early in the establishment process of IVGFMs. The inclusion of these fatty
acids, along with the oligosaccharides that are commonly included in IVGFM culture media,
could allow for the reproducible maintenance of highly diverse microbial communities in vitro.
Physiological Considerations
In order for IVGFMs to be informative, there are several physiological parameters that
must be considered and addressed. These include parameters such as transit time (retention time)
and presence of host cells. As with inoculum and medium choice, it is important to achieve a
balance between the physiological and technical complexity of a system with the biological
relevance that can be inferred from said system (Payne et al., 2012).
Gastrointestinal transit time in humans varies considerably from around 10 h to 70 h,
with the average around 30 h (Corazziari et al., 1985; Diaz Tartera et al., 2017). Thus, there is a
wide range of retention times to select from when designing experiments involving IVGFMs.
Retention times for published IVGFMs vary considerably as well, varying from 0.5 h to 84 h
(Table 1). Interestingly, only 3 of the 12 IVGFMs examined in this review examined the effect of
more than one retention time on their system (Allison et al., 1989; Macfarlane et al., 1998;
Whittington et al., 2020a). Numerous articles have been published that demonstrate the
connection between gastrointestinal transit time and the gut microbiota (Kashyap et al., 2013;
Roager et al., 2016; Martinez-Guryn et al., 2019; Hollister et al., 2020, and more). Thus, it is
very important to properly choose a retention time at which to operate the chosen IVGFM based
on the study conditions desired.
Nearly all IVGFMs do not incorporate a several aspects of host physiology such as the
presence of host somatic and immune cells. This lack of complexity often leads to climax
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communities that are often significantly different than those found in the host. For instance, the
ratio of Bacteroidetes to Firmicutes is often higher in IVGFMs than it is in vivo and the
important butyrate-producing Clostridium clusters XIVa and IV are often depleted in IVGFMs
(Minekus et al., 1999; Van Den Abbeele et al., 2010; McDonald et al., 2013; Feria-Gervasio et
al., 2014). Up to this point, there have only been 2 IVGFMs that have utilized a host cellular
component (Marzorati et al., 2014; Jalili-Firoozinezhad et al., 2019). Perhaps unsurprisingly,
these IVGFMs were able to maintain the highest number of unique OTUs, however, the stability
of these systems has not been examined past 7 days (Jalili-Firoozinezhad et al., 2019). More
traditional IVGFMs (both stirred-tank and packed-bed) are able to maintain community steadystates for weeks to months, although at the cost of reduced diversity. Therefore, as with other
parameters, it is vital for researchers to choose an IVGFM based on the needs of their study.
Potentially overlooked is the consideration of the technical complexity of the IVGFM.
Highly complex IVGFMs such as the M-SHIME or gut-on-a-chip systems are quite complex
(and expensive) requiring multiple pieces of specialized equipment and/or custom fabricated
components (Van Den Abbeele et al., 2012; Van Den Abbeele et al., 2013; Jalili-Firoozinezhad
et al., 2019). Additionally, complex systems such as these are difficult to assemble and use,
requiring specially-trained personnel. As such, as with each of the other parameters mentioned, it
is important for potential IVGFM users to weigh the benefits (if any) of using a more complex
system versus the up-front and running costs of the system under consideration. Table 1 shows
the estimated complexity of each continuous IVGFM examined in this review, which is based
upon not only the technical complexity and costs of the system, but on level of resources and
knowledge required to properly use the system.
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Table 1. Important parameters of various IVGFMs.
Model

System
Complexity

Retention
Times(s)

MacFarlane et al.
Single Stage

+

25 h

MacFarlane et al.
5-stage

+++++

79 h
38 h

SHIME

+++++

84 h

MacFarlane et al.
3-stage

+++

27.1 h
66.7 h

MacFarlane et al.
2-stage

++

20 h

Feria-Gervasio et
al.
3-stage

+++

47.9 h

Minibioreactor
Array

+++++

8h

Fecal Bead
Chemostat

++

12.5 h
8h
4h

McDonald et al.
Packed-bed

++

24 h

Bondue et al.
Toddler SHIME

+++++

72 h

Intestine-on-aChip†

+++++

0.5 h

Study Examined:

References

Microbial community
(Allison et al.,
dynamics in a single stage
1989)
reactor
Microbial community
(Allison et al.,
dynamics in a 5-stage
1989)
reactor
Microbial community
responses to different
(Molly et al.,
medium compositions in a
1993)
5-stage reactor
Microbial community
responses to changes in
(Macfarlane et
retention time in a 3-stage
al., 1998)
reactor
Colonization of mucin gels
(Macfarlane et
by gut microbiota in a 2al., 2005)
stage reactor
Microbial community
(Feria-Gervasio
dynamics and metabolomics
et al., 2014)
in a 3-stage reactor
Microbial community
(Robinson et al.,
dynamics in minibioreactor 2014; Auchtung
arrays
et al., 2015)
Retention of immobilized
gut microbiota in response
(Cinquin et al.,
to changes in pH and
2006)
retention time
Antibiotic effect on
community dynamics in a
(McDonald et
dual stage packed-bed
al., 2015)
reactor
Toddler-derived microbial
community and metabolite
(Bondue et al.,
dynamics in the SHIME
2020)
system
Co-culture of host cells with
(Jaliligut microbiota in a customFiroozinezhad
fabricated microfluidic
et al., 2019)
device
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Table 1 (continued)

Prebiotic inhibition of toxic
(Wang et al.,
metabolite production in a
2020)
3-stage reactor
Probiotic restoration of
(El Hage et al.,
El Hage et. al
++++
26.4 h*
antibiotic dysbiosis in a 32019)
stage reactor
Dilution rate and retention time values are calculated for the whole in vitro system. System
complexity is estimated based on the physical complexity of the system as well as the level of
resources and knowledge required to properly use the system.
Wang et al.
3-stage

+++

48 h

* This system used a semi-continuous mode of operation.
† The Intestine-on-a-Chip system is unique in the fact that it is the only system herein to culture
microbiota in direct contact with human gut epithelial cells

An Overview of In Vitro Gut Fermentation Models
The use of continuous culture systems to mimic various intestinal microbial ecosystems
is not a new concept. Indeed, studies utilizing continuous culture systems to examine interactions
between rumen microorganisms appeared in the literature in the 1960’s and studies investigating
continuous culture of rodent intestinal microbiota appeared in the early 1980’s (Quinn et al.,
1962; Rufener et al., 1963; Veilleux and Rowland, 1981; Freter et al., 1983). However, when
used to make inferences about the human intestinal microbiota, these models suffer from the
same limitations as in vivo rodent models and have additional limitations imposed by the nature
of continuous culture systems. Additionally, it’s important to remember that high-throughput
DNA sequencing, especially metagenomics sequencing, is a relatively new technology (circa late
2000’s), thus, many of the systems covered in this review were limited in their ability to monitor
low-level microbial community dynamics. Thus, we will examine three different eras of
IVGFMs: the early IVGFMs which relied on plate-based assays to monitor microbial community
dynamics, the modern IVGFMs which utilized biochemical and DNA-based (e.g. denaturinggradient gel electrophoresis (DGGE)) assays to monitor microbial community dynamics, and
9

contemporary IVGFMs which use state-of-the-art omics technologies to monitor low-level
microbial community dynamics
Early In Vitro Gut Fermentation Models
The first attempts by researchers to simulate the human gut microbial ecosystem also
appeared in the literature in the early 1980’s, although these systems were semi-continuous,
making comparisons with more modern continuous systems difficult due to the effect of time on
the process (Miller and Wolin, 1981; Edwards et al., 1985). The first true continuous systems
appeared in the mid to late 1980’s and were pioneered by George Macfarlane’s group at the
Medical Research Council in Cambridge, UK. The authors examined both single-stage and
multistage (5 vessel) reactor systems for their ability to maintain diverse populations of intestinal
bacteria (Allison et al., 1989). The authors were able to confirm the presence of all major groups
of intestinal flora in the single-stage chemostats using plating, but the populations were unstable
over time. In the multistage system, the authors detected stable populations of fusobacteria,
clostridia, propionibacteria, coliforms, streptococci, and Bacteriodes fragilis group organisms,
but were unable to culture bifidobacteria, lactobacilli and eubacteria in this system. Populations
of bacteria varied dramatically between the dilution rates examined (0.0127 and 0.0263 h-1) and
the authors theorize that this was due to nutrient limitations caused by the slower dilution rate of
0.0127 h-1, which is likely the case as this dilution rate is very slow and only the fastest growing
organisms were able to be competitive in this environment (Allison et al., 1989). The authors
also quantified the fermentation products from each system, with acetate, propionate, butyrate,
succinate, and lactate being the major products detected. However, the molar ratios of major
fermentation products were different from those in vivo, particularly concerning butyrate. This is
likely due to the inability of this system to culture significant amounts of the eubacteria, which
10

are major butyrate producers (Ariefdjohan et al., 2017). George Macfarlane’s group continued to
innovate in the area of IVGFMs and in 1998, his group developed a simplified 3-stage system to
examine the results of retention time on the gut microbiota, making them one of the first groups
to do so. The authors found that plated bacterial populations (predominantly Bifidobacterium and
Bacteroides) and SCFA concentrations in their system were fairly similar to the levels found in
the intestinal contents of sudden death victims (Macfarlane et al., 1998).
Perhaps the most cited of all IVGFMs is the SHIME model developed by Willy
Verstraete’s group at the University of Ghent in 1993. Similar to the Macfarlane system, the
SHIME model uses 5 vessels to simulate the various parts of the small intestine and colon.
However, the SHIME model utilized higher volumes for each vessel and subsequently higher
dilution rates, as well as a different medium composition. Again, the bacteriological analyses
performed by the authors were limited by the culture-based techniques at the time, but bacterial
counts were determined to not be significantly different from in vivo data (Molly et al., 1993).
Additionally, molar ratios of the major volatile fatty acids found in the gut were similar to those
found in vivo for the starch-based medium tested by the authors (Molly et al., 1993). Further
validations of the SHIME model were performed by the same research group in the years
following the initial publication, including examining microbial enzymatic activity. Briefly, the
authors found that the activity of various gut microbe-associated enzymes such as βGalactosidase and β-Xylosidase showed similar activity to that of fecal samples from volunteers
(Molly et al., 1994).
As discussed earlier in this review, physiological relevance is an important component of
an IVGFM. Specifically, none of the IVGFMs mentioned above incorporate the physical and
chemical processes found in the gut environment. Two of the first in vitro models to attempt to
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simulate the physical and chemical processes of the human gastrointestinal tract were the TNO
Intestinal Models 1 and 2 (TIM-1 and TIM-2) developed at the TNO Nutrition and Food
Research Institute in the Netherlands by Mans Minekus and colleagues (Minekus et al., 1995;
Minekus et al., 1999). The TIM-1 model is intended to simulate the stomach and the small
intestine portions of the human GI tract and includes physical processes such as peristalsis and
dialysis as well as chemical digestion with acids and enzymes (Minekus et al., 1995). However,
the TIM-1 model was operated under sterile conditions. To address the fact that the GI tract,
especially the colon, contains microorganisms, the TIM-2 model was developed to simulate the
large intestine and included the same physical and chemical processes in the TIM-1 model with
the addition of fresh fecal inoculum to introduce intestinal microbiota (Minekus et al., 1999).
The authors found that Enterobacteriaceae were underrepresented in the TIM-2 system, while
Bacteroides, Bifidobacterium, and Lactobacillus were found in similar numbers to those in the
inoculum. Interestingly, the population of methanogens appeared overrepresented in the TIM-2
system (Minekus et al., 1999).
Modern In Vitro Gut Fermentation Models
The early 21st century saw the advent of affordable and more widely available methods
for profiling microbial communities such as DGGE and microarrays. This allowed for a much
more accurate and comprehensive look at the microbial communities present in IVGFMs,
allowed for easier comparisons to in vivo data, and spurred the invention of IVGFMs that
endeavored to more closely simulate the gastrointestinal environment. These novel IVGFMs
included some that simulated mucosal environments, increased surface area, or included a human
cell component.
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A common issue with continuous culture systems is the washout of less competitive or
slower growing organisms (Pirt, 1975). To address this issue, researchers have turned to two
different methods to increase the retention of slower growing gut microbes: polysaccharide
immobilization and packed bed bioreactors. Christophe Lacroix’s group at ETH Zürich
developed a system in which they immobilized fecal material in beads composed of gellan and
xanthan gum. The authors were able to demonstrate colonization of the beads by various gut
microbes including various bifidobacteria, bacteroidetes, and clostridia. Additionally, molar
ratios of the SCFAs acetic acid, propionic acid, and butyric acid were very similar to the molar
ratios of their infant fecal inoculum. The authors also showed that these populations reached a
“pseudo-steady state” within a week of beginning continuous culture (Cinquin et al., 2004;
Cinquin et al., 2006).
In 2005, Macfarlane et al. also developed an even simpler 2-stage IVGFM in which they
examined the colonization and utilization of mucin by intestinal microbiota (Macfarlane et al.,
2005). Using fluorescence in situ hybridization (FISH), the authors demonstrated colonization of
the mucin gels by Enterobacteriaceae, Bacteroides spp., and Bifidobacterium spp. (Macfarlane et
al., 2005). Unfortunately, no comparisons were made to either in vivo data or other IVGFMs.
In 2012, a group at the University of Ghent developed a modified version of the SHIME
system that incorporated a mucosal environment, dubbed M-SHIME, which consisted of small
microcosms coated in a mucin gel that were suspended in the reactor vessel. The authors found
that the addition of these mucosal microcosms allowed for an enrichment in mucus-binding
lactobacilli and in butyrate-producing members of Clostridium cluster XIVa, organisms which
are commonly depleted in IVGFMs. However, the M-SHIME was depleted in Bacteroidetes and
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Clostridium cluster IV compared to the human inocula (Van Den Abbeele et al., 2012; Van Den
Abbeele et al., 2013).
Additionally, research groups have developed IVGFMs based around packed-bed
bioreactors. Packed-bed bioreactors are similar to size-exclusion chromatography columns in
that they are packed with a support and flow through the system is directional. Packed-bed
IVGFMs are attractive because they simulate the high surface area conditions present in the
intestinal environment, which can allow for the attachment of microorganisms and prevent
washout. While packed-bed bioreactors have been historically used for bioremediation and the
production of valued-added products (Shiotani and Yamané, 1981; Strandberg et al., 1989;
Bruno-Barcena et al., 1999; Alfonso-Gordillo et al., 2016; Whittington et al., 2020b), there has
only been a single instance in the literature of their use as IVGFMs (McDonald et al., 2015). The
first such instance, developed by groups at the University of Guelph and Wageningen University,
consists of a stirred-tank bioreactor whose effluent was connected to parallel distillation columns
packed with pieces of silicone tubing and was intended to simulate a mucosal environment. The
authors were able to demonstrate stable, reproducible planktonic and biofilm communities using
denaturing-gradient gel electrophoresis and phylogenetic microarrays (McDonald et al., 2015).
In particular, members of Clostridium cluster IV, an Akkermansia sp., E. coli et rel., and a
Serratia sp. were enriched in the biofilm compared to the planktonic phase, while members of
Bacteroidetes were depleted in the biofilm compared to the planktonic phase (McDonald et al.,
2015).
To address the absence of a human-derived intestinal component in the SHIME system,
teams at the Universities of Ghent and Groningen developed an add-on module which they call
the Host-Microbiota Interaction (HMI) module. The HMI module consists of a 2-compartment
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system, with the upper compartment simulating the lumen of the GI tract (fed with SHIME
effluent) and the lower portion containing enterocytes simulating the host (Marzorati et al.,
2014). The two compartments are separated by a mucus layer and a semi-permeable membrane
to simulate actual GI conditions. Using the HMI module, the authors were able to demonstrate
attachment of SHIME-derived microbes to the mucus layer, including Bifidobacterium and
Faecalibacterium. Additionally, the authors showed that there was no significant difference in
Caco-2 cell viability after 48 h of co-culture in the HMI module, while direct contact with the
SHIME effluent caused an 80% reduction in viability after only 2 h of co-culture (Marzorati et
al., 2014).
In addition to the systems discussed above which introduced new concepts to the IVGFM
field, there have been several groups to use the existing 3-stage model introduced by Macfarlane
et al. and apply modern molecular techniques to analyze the microbial community in response to
various stimuli. As one example, a group at Clermont Auvergne University in France utilized
this system to examining the effect of self-generated anaerobiosis on the in vitro gut microbial
community (Feria-Gervasio et al., 2014). The authors hypothesized that self-generated
anaerobiosis more closely resembles the gaseous environment in the gut lumen, and would
subsequently alter the microbial community structure. In fact, the alpha diversity of the system,
as determined by microarray, was similar to the stools used as inoculum (Shannon index of 2.107
and 2.328, respectively), but the IVGFM was enriched in Bacteroides spp. and depleted in
Clostridium clusters IV and XIVa compared to the inoculum, a common occurrence in IVGFMs
(Feria-Gervasio et al., 2014). In a second example, a group at the University of Reading in the
UK investigated the ability of inulin-based prebiotics to inhibit microbial proteolysis in the
Macfarlane et al. system (Wang et al., 2020). The authors found that, only when the fecal donor
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was vegetarian, a high-protein diet with prebiotic supplementation reduced the amount of pcresol produced by the gut microbiota in vitro potentially signaling an adaptation of an
individual’s gut microbiome to either a high-protein or high-carbohydrate diet (Wang et al.,
2020).
Contemporary In Vitro Gut Fermentation Models
The 2010’s saw yet another shift in the microbial community profiling technology
available to researchers. The development and subsequent reduction in price of high-throughput
sequencing technologies, as well as the development of high-throughput liquid chromatographymass spectrometry led to what is now known as the “Omics Era” (Derks et al., 2014; Singh and
Kothari, 2017). As such, the amount of information that can be gathered from the use of
IVGFMs has greatly increased and subsequently so has their relevance.
Due to the fact many IVGFMs are large and complex systems which reduce throughput, a
team at Baylor University developed an IVGFM based on minibioreactor arrays, which are small
15 mL bioreactors designed to be used in an array of up to 48 units in one anaerobic chamber.
Using this system, the authors were able to demonstrate the establishment of stable microbial
communities in approximately 8 days, consisting of ~125 unique OTUs with a Shannon diversity
index of ~3.5 (Auchtung et al., 2015). Additionally, the authors determined core microbial
communities for each of their conditions tested. This core consisted of 55 to 72 OTUs, which
consisted of a 15-22% overlap with core OTUs present in the inoculum for each condition. The
authors did not analyze the metabolome of the reactors (Auchtung et al., 2015).
There has long been an interest in the use of probiotics to treat antibiotic-associated
dysbioses, but due to the complexity and ethical issues surrounding the use of animal models and
clinical trials, mechanistic studies have been difficult. However, contemporary IVGFMs can
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provide unique insights into the mechanisms behind the efficacy of probiotics in treating these
dysbioses. In fact, a group at Ghent University in Belgium used the M-SHIME system to study
the effect of a 7-member propionate-producing consortium to restore a dysbiosis caused by
treatment with clindamycin (El Hage et al., 2019). The authors found that the consortium was
able to restore propionate, but not acetate or butyrate, concentrations to levels prior to antibiotic
exposure compared to a control treatment. Additionally, the authors demonstrated the ability of
the consortium to partially restore mitochondrial membrane potential in a Caco-2 cell model.
Finally, the consortium was able to initiate a partial restoration of the number of OTUs lost after
antibiotic treatment compared to a control (El Hage et al., 2019).
It has now become common knowledge that host-microbiome interactions are
bidirectional and often require direct contact at interfaces such as the intestinal epithelium in
order for signals to be properly transduced (reviewed in: Blaser and Kirschner, 2007; Kau et al.,
2011; Kinross et al., 2011; Van Den Abbeele et al., 2011). In recent years, there have been
efforts to modify IVGFMs in order to incorporate human cell components (e.g. HMI-SHIME
above) in order to more closely study these interactions. However, these modules required a
membrane to separate the epithelial cells and the lumen containing the microbes. Enter organson-chips. So-called “organs-on-chips” are small microfluidic devices that use human cell lines
and clever manufacturing to simulate the physiology of various organs and tissues (Bhatia and
Ingber, 2014) and there are multiple instances in the literature of these devices being used to
study the human GI tract in vitro (Kimura et al., 2008; Kim and Ingber, 2013; Kasendra et al.,
2018). These systems have also been used to study host-microbe interactions (Kim et al., 2012;
Kim et al., 2016). However, all of these systems utilize oxygenated medium that does not
support the growth of obligate anaerobes. To address this issue, Donald Ingber’s group at
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Harvard developed an anaerobic intestine-on-a-chip that allowed them to maintain a complex
microbial culture in direct contact with human Caco-2 cells (Jalili-Firoozinezhad et al., 2019).
Additionally, the authors found that they were able to maintain a similarly complex community
in direct contact with primary intestinal epithelial cells derived from patient biopsies. Overall,
the intestine-on-a-chip model was able to maintain a complex microbial community composed of
over 200 unique OTUs, more than any other system covered in this review (Jalili-Firoozinezhad
et al., 2019).
To date, most of the IVGFMs in the literature utilized fecal samples from adults as
inoculum. Due to the fact that the gut microbiome experiences a shift during the first few years
of life (Koenig et al., 2011), a group from the University of Liège in Belgium developed a
SHIME-based system to study the microbiome of young children (Bondue et al., 2020). The
authors found that molar ratios of SCFAs were positioned in between those of adults and infants.
Additionally, alpha diversity indices were reported to be significantly lower than the inoculum in
all cases, which the authors theorize may be due to the exclusion of a mucosal component in
their SHIME system (Bondue et al., 2020).

Conclusions
As discussed above, in vitro fermentation models of the human gut microbiome have
been of interest for over three decades due their ease of use, affordability, and moderate
correlations with in vivo data. The wide variety of systems available allows researchers to choose
the model that meets their specific needs. However, due to this variety, careful consideration of
parameters including, but not limited to, inoculum, medium, and physiology must be integral to
the experimental design process. When performed properly, in vitro gut fermentation models
have the ability to be very good approximations of the intestinal microbial ecosystem, making
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them attractive preambles to in vivo studies and clinical trials. To further increase the utility of in
vitro gut fermentations models there is a need for the development of more affordable and higher
throughput systems similar to the intestine-on-a-chip discussed above. Additionally, novel
methods for prolonged co-culture of intestinal epithelial cells and microbes would allow for
extended experiments and the generation of larger and more informative datasets.
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CHAPTER 3: Reproducible Assembly of a Stable Natural Infant
Gut Consortium Fed with the Human Milk Oligosaccharide NAcetyl-Lactosamine
Abstract
Bioreactor systems are fundamental to the study of natural microbial communities and their
dynamic responses to environmental perturbations; as such, they have been used as good
approximations to study the gut natural ecosystem. These in vitro systems allow for controlled
changes of the microbial environment (niche) vital to study community stability and its capacity
to dynamically adapt to the new niche conditions. The stability (plasticity or elasticity) of
microbial communities is dependent on both the resistance (insensitivity to a disturbance) and
the resilience (rate of recovery after a disturbance). An in vitro approach was used here to
evaluate how different dietary carbohydrate structures and carbon supply rate perturbations
influence the community assembly, persistence, turnover, resilience, and cross-feeding
relationships of a natural gut microbial community obtained from pooled fecal samples of four
healthy infants (one-year-old). Community dynamic assemblies were followed performing
phylogenetic analyses and quantifications of dynamic concentrations of generated targeted small
fatty acids (SCFAs). These analyses may contribute to a better understanding of community
taxonomic composition, evolutionary associations, and in the future may reveal some
foundations of ecological succession rules. Primarily, our work dedicates special attention to
collect and compare system baseline information about each assembled compositionally stable
community and its associated plasticity or elasticity in response to different carbohydrate
structures and carbon supply perturbations.
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Introduction
For over a century, researchers have recognized the existence of links between the inhabitants of
the human gastrointestinal tract and health and disease. In the early 1900’s different research
groups explored microbe-based treatments for diarrhea, constipation and other intestinal
disorders, providing the first attempts to modulate the intestinal microbiota and improve gut
health (Lauzon et al.). Improvements in the understanding of how microorganisms impact
intestinal health continued for the remainder of the 20th century, with nearly 400 publications
mentioning probiotics by the end of the 1990’s (McFarland). It was not until the advent of highthroughput sequencing technology, and significant research investment, that the link between the
gut microbiome and human health has been established, with several high-impact studies in early
2010’s confirming correlations between specific gut phyla and conditions such as obesity,
diabetes, colorectal cancer, and more (Newgard et al., 2009; Turnbaugh et al.; Kau et al.; Kinross
et al., 2011; Ridaura et al., 2013; Ridlon et al.; Allali et al.). Sequencing technology has also
allowed researchers to survey human body fluids historically considered sterile to unveil natural
microbial communities evolutionarily adapted to those local conditions (Martin et al.). As
example, breast milk has been long believed to be sterile, but it is accepted today that breast milk
seeds newborns with keystone species and complex carbohydrate structures (oligosaccharides);
both establishing successional stable gut consortia and metabolically preadapting the infant’s
microbial community to solid food introduction (Newburg and Walker, 2007; Palmer et al.,
2007; Koenig et al., 2011; Bäckhed et al., 2015; Thompson et al., 2015).
The community assembly of a resilient complex gut microbiome during infancy plays a
significant role in the future overall health of an individual both during adolescence and
adulthood (Narayan et al., 2015). For instance, the gut microbiome found in breast-fed infants is
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associated with higher levels of memory T cells into adolescence, likely contributing to a higher
resistance to infectious disease; and indeed breast-fed infants have been shown to have lower
incidences of otitis media and diarrhea (Dewey et al., 1995; Ardeshir et al., 2014). Additionally,
compositions of gut microbiota have been associated with mental wellbeing, although the
mechanisms by which this effect is mediated are still unclear. A recent comprehensive review by
Malan-Muller et al. provides an in-depth look at much of the research examining what has been
dubbed the “microbiota-gut-brain (MGB) axis” (Malan-Muller et al.).
Overall, decades of research have shown how ‘keystone species’, such as
Faecalibacterium prausnitzii, pave the way for otherwise highly compositionally plastic
(variable/mutable) communities and niche-associated gut consortium catalogues (Koenig et al.,
2011; Heinken et al., 2014). As an example, at early phases of colonization, infants born by
Caesarean section compared to those born vaginally show very different community succession
leading to their natural assembled gut consortia that may predict divergent consortia
development in the long term (Dominguez-Bello et al., 2010; Thompson et al., 2019).
Furthermore, the changes in infant gut communities associated with Caesarean delivery often
correlate with increased instances of impaired immune function, allergy, and other inflammatory
conditions (Bager et al., 2008; Thompson et al., 2019). Therefore, due to the plastic nature of
preassembled microbial communities, initial conditions such as husbandry environment translate
into different gut microbial community assemblies for each specimen, which leads to
experimental variability in in vivo systems that already have a low throughput (Laukens et al.,
2016; Parker et al., 2018). Consequently, if experimental community stability is not also
assessed, different consortia compositions with a high or low degree of plastic or elastic stability
may or may not be acceptable when treatments are tested and later proposed for various chronic
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conditions. Thus, further investigations dealing with the complex natural community assembly
and their ecological relationships are required (McFall-Ngai et al., 2013). Additionally, there is a
need for standardized and reproducible dynamic systems allowing for consistent and informative
in vitro studies (Zengler et al., 2019). Therefore, in vitro systems are also ideal to unveil primary
evolutionary associations among bacteria and may reveal the foundations of ecological
succession rules governing elastic stable local interactions (climax communities).
In experimental animal models, which have been, and still are, an attractive preamble to
clinical trials, the first step to reduce experimental community variability is to normalize each
animal’s gut microbial community by seeding with either naturally obtained or mock
community-derived inoculants based on the natural human gut microbiome. In fact, for future in
vitro studies several recent investigations have evaluated various methods of inoculum
preparation from natural human fecal communities and standardized this practice (Aguirre et al.,
2014; Aguirre et al., 2015; Auchtung et al., 2015). This approach attempts to reveal which
microbial interactions remain under stable coexistence under defined local gut conditions;
consequently, allowing the assembly of compatible organisms that will hopefully lead to an ideal
stable (plastic or elastic) responder consortia (Goodman et al., 2011).
Consistent reproducibility of a key natural phenomenon such as the assembly of stable
communities requires the study of the balanced co-existence of each natural consortium under
highly standardized dynamic conditions; thus, in vitro simulations of the gut environment niche
fed a defined culture medium facilitate maintaining and controlling a specified set of parameters
such as pH, microaerophilia, endothermic conditions, and carbon supply rate. These nichedetermined parameters play a central role in maintaining dynamic microbial interactions by
speeding up or slowing down microbial fermentation and facilitating sustained biotransformation
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of highly reduced carbohydrate structures into digestible molecules (Short-Chain Fatty Acids).
As with in vivo studies, the in vitro experimental reproducibility of gut microbiome dynamics
depends greatly on the environmentally pre-adapted complex inoculum. This natural consortium
is the product of evolutionary microbial metabolic cross-feeding interactions and the stability of
these interactions determines the plastic or elastic resilience of natural microbial populations
exposed to perturbations, such as changes in nutritional carbohydrate structure sources and their
supply rates.
Bioreactors are a clear alternative model for biomedical research, allowing for multiple
experimental replicates, and when standardized will be particularly useful in deciphering specific
microbe-microbe interactions at the community level. Bioreactor-based dynamic systems allow
for reproducible testing of communities at various physiological states, while capturing key
natural processes under controlled environmental conditions. One of the first such dynamic
systems that appeared in the literature was the Simulated Human Intestinal Microbial Ecosystem
(SHIME) reactor, developed by Willy Verstraete’s group at the University of Ghent in 1992
(Molly et al., 1993). The authors were able to produce fair correlations with in vivo data and
subsequently later reported further validating data from the SHIME reactor as a suitable
simulation when inoculated with naturally obtained human gut consortia (Molly et al., 1994).
Additionally, several other research groups have tested similar multi-stage dynamic systems
either concurrent with or after the development of the SHIME reactor system, and were able to
obtain consistent results using a fixed culture medium supply rate (Macfarlane et al., 1998;
Mäkivuokko et al., 2006; Feria-Gervasio et al., 2014; Barroso et al., 2015; Silverman et al.,
2018a).
Packed-bed reactors are a simpler type of system than the one discussed above and can
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also be operated dynamically, showing ideal characteristics for reproducible simulation of
community assemblies with different degrees of stability. These systems also facilitate the
testing of biologically-relevant dietary carbohydrate structures and supply rates (retention times)
under endothermic, controlled pH, perfect mixing, and micro-aerophilic conditions, as well as
local gut conditions, such as high surface area for increased retention of slow growing organisms
and spores. In fact, Browne et al.(Browne et al., 2016) demonstrated that no less than 50-60% of
intestinal bacteria produce spores which often escape detection from classical sequencing
methods. Therefore, packed-bed reactors might be useful for dynamically culturing and
characterizing previously unculturable/undetectable intestinal microbiota. Literature concerning
microbial packed-bed reactors largely focuses on their utility in bioremediation or during the
production of value-added products (Shiotani and Yamané, 1981; Strandberg et al., 1989; BrunoBarcena et al., 1999; Alfonso-Gordillo et al., 2016). To date, a single study has tested the
validity of packed-bed bioreactors for in vitro simulation of human gut microbial consortia
dynamics; the authors, using a fixed supply rate, were able to provide evidence of the assembly
of stable (steady-state) planktonic and biofilm-associated communities containing keystone
species such as Akkermansia muciniphila (McDonald et al., 2015).
Here, we investigated how changes in the supply rate of diverse dietary carbohydrate
structures (sucrose, lactose, galactooligosaccharides (GOS), and GOS enriched with the human
milk oligosaccharide N-acetyl-Lactosamine (LacNAc)) influence the stable (plastic or elastic)
assembly of a balanced and highly diverse natural consortium. Packed-bed reactors (PBRs) were
inoculated with the same pooled fecal samples from four healthy one-year-old infants. We
evaluated the consortium assembly and stability by modifying the reactor feeding supply rate of
dietary carbohydrate structures consistent with infant daily carbon intake rates and retention
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times. The experimental design maintained consistent changes in supply rates and overall
concentrations of dietary carbon sources between experiments. At different stable (steady state)
conditions, we performed an integrated microbiome, targeted metabolome analysis, and
calculated production rates of SCFA, CO2, and H2. The composition of the assembled consortia
were investigated using diversity analysis, while the quantified metabolites resulting from the
consortia cross-feeding were evaluated for consistency using classical stoichiometry.

Results
Methodological design of the study
During the following experiments, we performed community structure analysis from
samples obtained at different steady-state conditions (Figure 1) to assess how dietary
carbohydrate structures and perturbations caused by the change of carbon supply rate influence
community turnover and plastic or elastic stability of the assembled consortia. The system
utilized, set in parallel, two identical up-flow packed-bed reactors (350 mL active volume) filled
with porous expanded glass. Homogeneous mixing was performed using and external loop and
peristaltic pump. Both fresh medium and 10% sodium hydroxide for pH control were added
directly into this recirculation loop to facilitate rapid mixing. As inoculum, naturally obtained
feces from four one-year-old infants were pooled and prepared (see materials and methods)
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Figure 1. Methodological design of the study. Ten independent experiments using packed-bed reactors were
performed to test five different dietary carbon compositions as drivers of the successional stable assembly of a
natural infant gut consortium. The reactors were inoculated with pooled fecal samples from four healthy infants
(one-year-old) and the supply rate of carbon and reactor volume replacements to reach each steady-state condition
were maintained constant between incremental dilution rates and experiments. The reactors were sampled in
triplicate at each steady-state condition. Each sample (from a total of 125) was subjected to 16S rRNA sequencing
and HPLC analysis to determine the microbial diversity conforming each balanced assembled consortium as well as
the targeted metabolome concentrations during the stable (steady-state) metabolic cross-feeding.
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Influence of the dietary carbohydrate structures on the composition of the assembled stable
consortia
After inoculation each PBR was consistently operated by maintaining consistent changes
in supply rates, delivering an identical mass of different dietary carbohydrate structures between
conditions. Consistent with daily infant carbon intake rates, three conditions were tested
including sucrose, lactose, and GOS, followed by testing two additional conditions in which the
medium was supplemented with bile salts containing GOS (BsGOS), and GOS enriched in
LacNAc (LacNAcBsGOS). A total of 125 samples were collected, sequenced, and analyzed
using QIIME2. Figure 2 shows the overall phylogenetic tree including 219 unique ASVs; all of
the ASVs supported by representative sequences are detected in at least one of the five tested
culturing conditions or the pooled inoculum. Using the iTol.py script in PhyloToAST, we also
represented the presence-absence of each specific ASV found during the testing of each dietary
carbohydrate structures. Clearly, Figure 2 unveils enriched ASVs present in the natural pooled
inoculum and their persistence when cultured dynamically with various dietary carbohydrate
structures. Of the total 219 unique ASVs detected, 53.88% were detected in the inoculum, while
31.05%, 35.62%, 36.07%, 21.01%, and 21.46% were observed when feeding lactose, sucrose,
GOS, BsGOS, and LacNAcBsGOS, respectively. Table S1 presents the mean relative abundance
values for each observed ASV in each of the experimental conditions. As expected, when bile
salts were present in the culture medium, there was a reduction in the relative abundance of
members of the Clostridia compared to all other conditions (Table S1).
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Figure 2. Overall phylogenetic tree displaying experimental ASVs present or absent. Internal colored circle shows
the phylogenetic tree of representative sequences found at least in one of the 125 samples evaluated. The
phylogenetic tree was generated in QIIME using the RAxML algorithm and annotated with QIIME2-sourced
presence-absence data. PhyloToAST and iToL were utilized to represent external colored dots indicating the
presence or absence of each representative sequence for a given ASV when cultured in each dietary carbon source
and condition. The grayscale strip just outside the tree leaves represents ASV persistence, with light gray
representing an ASV found in 1% of conditions and black indicating an ASV found in 100% of conditions.

Alpha diversity metrics are useful measures of the diversity within individual
communities and provide valuable information about the abundance/distribution of species
within that community. In the context of this study, we will define a community or consortium as
the population in the reactor of resilient/persistent microorganisms during steady state for a
particular carbon supply rate condition. It is important to consider that the sample analyses
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confirmed that the community remained in steady state and carbon limitation at each tested
supply rate disturbance. A common comprehensive measure of alpha diversity is the Shannon
index (SI), which takes both the numbers of species and the abundance of each species into
account. Communities that are more evenly distributed and have a large number of
resilient/persistent species are given a higher SI score. The SI values and number of observed
ASVs measured for each experiment and supply rate condition are reported in Figure 3. We
determined that SI values calculated across all experiments fall within the expected range of
those previously reported for one-year-old infants (Carlson et al., 2018). Upon analysis of the
data, it is of note how the data trends show an increase in SI associated with carbohydrate
structure and carbon supply rate.
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Figure 3. Average alpha diversity metrics (Shannon Index and Observed ASVs) were calculated in QIIME2 from
steady-state samples at each supply rate across two independent experiments for a total of 6 samples per supply rate.
Panels A&F, B&G, C&H, D&I, and E&J display the values obtained for each dietary carbon structure and condition
(BsGOS, LacNAcBsGOS, GOS, Lactose, and Sucrose experiments, respectively). Each metric was iteratively
calculated 10 times for each sample for a total of 60 data points represented in each boxplot, with the exception of
the inoculum which contains 10 data points. The mean for each boxplot is represented by a small square, while the
median is represented by a line. A single asterisk (*) represents p<0.05, two asterisks (**), represents p<0.0005, and
three asterisks (***) represents significant differences (p<0.05) between all pairwise comparisons within an
experiment.
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Analyses of genera differential abundance were performed to shed light on the genera
that differed between the inoculum and the various experimental conditions. Differential
abundance plots for each experiment compared to the inoculum were performed in R using the
DESeq2 package and are shown in Figures 4A-E. Only ASVs that differed significantly in
relative abundance from the inoculum are displayed (p < 0.05). Differential abundance analyses
while maintaining the reactor dynamic culturing conditions show that members of the
Bacteroidetes, particularly Bacteroides sp., decreased in relative abundance, while
Bifidobacterium sp. and various Proteobacteria increased in relative abundance. Overall,
differential abundance analyses show less change in genera relative abundance with respect to
the inoculum when the medium contained bile salts and more complex dietary carbohydrate
structures, indicating a more similar assembled community.
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Figure 4. Differential abundance analyses of genera were performed on QIIME2-sourced ASV tables using R and
the DESeq2 package. Panels A, B, C, D, and E show the values obtained for each dietary carbon source and
condition (BsGOS, LacNAcBsGOS, GOS, Lactose, and Sucrose experiments, respectively). Positive log2 fold
change values indicate a higher relative abundance in the reactor compared to the inoculum, while negative values
indicate a lower relative abundance in the reactor compared to the inoculum. Only ASVs that were significantly (p <
0.05) differentially abundant are displayed and are organized by decreasing significance from left to right.
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Beta diversity metrics provide insights into the stable relationships between the
assembled microbial consortia from individual steady-state data points and often highlight
compositional similarities or dissimilarities of assembled consortia caused by changes in certain
variables such as dietary carbohydrate structure, supply rate increases or selective pressure from
substances such as bile acids. A DPCoA plot (all experiments) and Betadisper plots (BsGOS,
LacNAcBsGOS, and inoculum; LacNAcBsGOS carbon supply rate conditions) are shown in
Figures 5A-C. Figure 5A shows the separate experimental clustering and demonstrates the
selective impact of the addition of bile salts to the culture medium containing either GOS
(BsGOS) or GOS enriched with LacNac (LacNAcBsGOS). To compare experimental clustering,
a PERMANOVA was performed using the vegan package in R, followed by pairwise
comparisons for all possible experimental combinations. The overall PERMANOVA was
significant (p = 0.001), indicating differences in the centroid position among the five
experimental conditions. Additionally, all pairwise comparisons were significant (p < 0.004 in all
cases), indicating a significant difference in composition of the assembled consortia (beta
diversity) across each dietary carbohydrate structures. Considering the differences in the dietary
carbohydrate structures present in the culture medium composition, this is to be expected, as
different carbohydrate structures have been shown to significantly alter the microbial consortium
composition both in vitro and in vivo (Beards et al., 2010; Monteagudo-Mera et al., 2016). We
also performed PERMANOVA and PERMDISP tests to examine the consortia stability across
carbon supply rates of each dietary carbohydrate structure, limiting the scope to the four carbon
supply rates examined in each condition. Table 1 lists the p-values obtained from these tests and
Figure 5B shows a graphical representation of these tests. Interestingly, the LacNAcBsGOS and

55

sucrose experiments show a non-significant PERMANOVA, indicating an assembled and
compositionally stable community across carbon supply rates.

Figure 5. Beta diversity was calculated using the phyloseq, vegan and DPCoA packages in R. The plots in each
panel represent DPCoA ordinations of ASV abundance data. Panel A presents the overall DPCoA plot, while panels
B and C display the results of the PERMDISP function for all experiments and the LacNAcBsGOS experiments,
respectively. In panel A, colored ellipses represent 95% confidence intervals for all data in a given dietary carbon
source experiment. In panels B and C, ellipses represent 95% confidence intervals for centroid position. Supply rates
(Dilution rates) and carbohydrate structures (experiments) are represented by unique shapes and colors, respectively.
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Table 1. P-values from PERMANOVA and PERMDISP tests performed comparing all supply rates for each given
carbon structures using the vegan package in R. A significant PERMANOVA indicates that the spatial median
among groups is different and/or the within-group dispersion among groups is different. A significant PERMDISP
indicates that the within-group dispersion among groups is different.

Carbon Source

PERMANOVA
(by supply rate)

PERMDISP
(by supply rate)

Lactose

0.001

0.001

Sucrose

0.264

0.001

GOS

0.001

0.001

BsGOS

0.012

0.316

LacNacBsGOS

0.838

0.003

Co-occurrence network analyses are performed to infer potential ecological interactions
between members of a given community and are frequently used to evaluate transient
longitudinal time series of consortia studies. Since the dynamic data collected in this study is
independent of temporal variation, the ASV and dynamic abundance data were evaluated using
the SCNIC plugin for QIIME2. The results highlight community stability between supply rates
for each dietary component condition. In this analysis, the set criteria for differential cooccurrence call for each pair of ASVs to appear at least in one of the different supply rates for
each dietary component tested. LacNAcBsGOS, as can be seen highlighted in Figure 6
(supplementary figures for the rest of the conditions), show significantly different (significant
interactions) ASV abundances between any pair of supply rates. Additionally, we evaluated the
co-occurrence networks for each individual supply rate in the LacNAcBsGOS condition. The
positive and negative outgoing interactions for each ASV by supply rate are displayed in a bar
graph outside the network (Figure 6).
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Co-occurrence network analysis also generates several parameters of interest such as
closeness centrality (how close a node is to all other nodes in the network) and degree (number
of connections a node has with other nodes), which are calculated as part of co-occurrence
network analysis, are positively associated with the “keystoneness” of an ASV (Berry and
Widder, 2014). Because the co-occurrence networks are obtained from time-independent steadystate ASV values of relative abundance, and network interactions are based on statistically
significant correlations between pairs of ASVs changing in relative abundance, we also can use
the number of nodes and interactions as a measure of stability (resistance and resilience), with
fewer interactions indicating a more resilient community across supply rates. This appears
counterintuitive because highly interconnected networks are generally considered more elastic.
However, because SCNIC only displays nodes and edges that are significantly correlated, ASVs
that are unchanging across supply rates are not displayed. Out of all of the carbohydrate
structures tested, LacNAcBsGOS had the highest number of stable ASVs across carbon supply
rates at 71%, while all other conditions had at most 46.4% (Table 2). Additionally, the network
heterogeneity was highest in the LacNAcBsGOS condition (0.566) compared to all other
carbohydrate structures tested (0.298, 0.310, 0.359, and 0.372 for the lactose, BsGOS, GOS, and
sucrose conditions, respectively). Network heterogeneity is a measure of the variance of the
degree distribution (number of interactions per node) and is positively associated, to a point, with
cooperation between members of a network and therefore resilience to disturbances (i.e. a more
elastic community) (Pinheiro and Hartmann, 2017).
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Figure 6. Co-occurrence network of overall interactions while testing LacNAcBsGOS carbon structures and supply
rates. Data were generated in QIIME2 using the q2-SCNIC plugin. Node size and node color represent closeness
centrality and degree, respectively. Nodes are ordered by increasing degree in a clockwise fashion. Edge width and
edge color represent adjusted p-value (significance) and R-value (correlation), respectively. The bar graphs adjacent
to each node represent the number of positive (green bars) or negative (red bars) outgoing interactions for each node
by supply rate. Nodes that do not have a corresponding graph did not have any outgoing interactions.
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Table 2. Number of nodes with significant interactions and total number of significant interactions across supply
rates. Only nodes that change significantly (p<0.05) in relative abundance across supply rates are counted.
Significant interactions are counted when the change in relative abundance of two different ASVs are significantly
correlated.

Carbon Source

Number of
Unique ASVs

Number of Nodes
w/ Significant
Interactions

Percent
Resilient
ASVs

Total Number of
Significant
Interactions

Lactose

88

53

39.77

577

Sucrose

100

54

46.00

790

GOS

106

61

42.45

825

BsGOS

69

37

46.38

252

LacNAcBsGOS

76

22

71.05
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Fermentation products fingerprints in response to carbon structure availability and supply
rate
Considering that microbial activity within the gut is fermentative due to local oxygen
limitation, oxygen concentration forces microbes to participate in the extraction of energy from
highly reduced carbohydrate structures, producing digestible molecules (SCFAs), which in turn
generate cross feeding relationships between different microbes. It is also known that factors
such as temperature, pH, and nutrient sources drive shifts in microbial communities. Thus, we
utilized a system in which all of these parameters, aside from the carbohydrate structures and
carbon supply rate, were constant.
Steady-state SCFA and Lactate Concentrations. As described above, in response to
changes in dynamic feeding of different dietary carbohydrate structures, unknown ecological
succession rules lead to different degrees of compositionally stable communities with climax
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achieved when the community reaches steady state and demonstrates both a high degree of
resistance and resilience. Generally, these communities are defined as plastic (perturbations
cause the community to reach a new steady state) or elastic (communities return to the same
steady state after perturbations). Subsequently, specific assembled consortia establish crossfeeding interactions and display dynamically stable concentrations of fermentation products.
Thus, concurrently to community composition analyses we performed targeted metabolite
quantification using in-line gas and off-line HPLC analysis. The metabolite fingerprints obtained
added information about the stability of the assembled communities’ interactions, all of which
helps to inform about plastic or elastic dynamic community responses to emerging
environmental changes. The measured steady state concentrations of SCFA and rates of gas
generation in response to discrete increases in carbon supply rate are shown in Figure 7. For each
of the four dietary carbohydrate structures and carbon supply rates tested, SCFA and lactate
dynamic concentrations during each steady state are presented as averages of six independent
samples; the same samples processed for community analysis as described above. The targeted
metabolite and substrate analysis confirmed dietary carbon growth limitation during each supply
rate tested; additionally, the overall examination of system consistence demonstrates carbon
recovery approaching 100% (Table S2), which endorses our selection of metabolites for the
targeted analytical approach.
The five conditions and the dietary carbohydrate structures tested (Lactose, Sucrose,
GOS, BsGOS, and LacNAcBsGOS) show a clear progression towards reduction of interexperimental variance of the targeted metabolites’ dynamic concentrations across carbon supply
rates (Fig. 7). Thus, the presence of bile salts and the increasing complexity of carbohydrate
structure are clear environmental factors influencing community stability (i.e. its resistance and
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persistence). Similar to the patterns seen displayed in Figure 6, highly reproducible and stable
ecological interactions correlate with low variability of the quantified dynamic product
concentrations (Fig. 7).
Lactate is a major participant in cross-feeding interactions, and its accumulation indicates
the proliferation of fast-growing lactate producers (Table S1) and the inability of lactateconsumers to utilize it at increased accumulation rates (Moens et al., 2017). Clearly, when bile
salts were absent in the culture medium, regular increasing patterns of dynamic lactate
concentrations across supply rate conditions were seen (Fig. 7A). Variability in lactate
concentrations was similar across the carbohydrate structures tested.
Steady-state acetate concentrations were the most variable and abundant of all SCFAs
across all experiments and supply rates. Acetate concentrations also follow a roughly parabolic
trend across supply rates for all dietary carbon sources, with concentrations peaking at either
0.08 or 0.12 h-1 depending on dietary carbohydrate structure (Fig. 7B). Interestingly, there
appears to be an inverse relationship between acetate and CO2 levels, which supports previous
hypotheses that CO2 depletion causes a shift from propionate production to acetate production
(Fischbach and Sonnenburg, 2011). According to the aforementioned review, this shift appears
to be due to competition for CO2 between certain Clostridia (Blautia and Eubacterium) and
Bacteroides spp., all of which were detected in each culturing condition (Table S1).
Dynamic concentrations of propionate were fairly consistent, especially when the dietary
carbon source was GOS; however, with the exceptions of sucrose and GOS, significant
differences in propionate concentrations were observed between carbon supply rates for each of
the other dietary carbohydrate structures tested. For experiments where the dietary carbon source
was lactose, BsGOS, or LacNAcBsGOS, the steady-state concentration patterns observed
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showed propionate concentrations across carbon supply rates closely mimicked by changes in
relative abundance of Veillonella spp. (Table S1 and Fig. 7C), known propionate producers
(Louis and Flint, 2017). Additionally, when bile salts were present in the culture medium,
members of the Bacteroidetes, recognized to capture CO2 using a variation of the reverse TCA
cycle to produce propionate (Fischbach and Sonnenburg, 2011), showed changes in relative
abundance (Table S1) and similar steady-state patterns of CO2 generation rates and propionate
concentrations (Fig. 7, C and E).
Also of note are significantly higher steady-state butyrate concentrations when sucrose
was the dietary carbon source provided; this finding is consistent with both in vivo studies in
which mice were fed with a sucrose- and starch-based diet and in the SHIME system when fed
with starch, lending further validity to this system (Molly et al., 1993; Monteagudo-Mera et al.,
2016). Furthermore, when the dietary carbohydrate structures tested were Lactose, GOS, BsGOS
or LacNacBsGOS the data shows a significant decrease in steady-state butyrate concentrations
(Fig. 7D) consistent with previous in vitro research (Martinez et al., 2013). When bile salts are
present in the culture medium, there was a reduction in steady-state butyrate concentration that
correlates with a reduction in the relative abundance of the Clostridia, well-known butyric acid
producers (See Table S1). Moreover, studies have shown that breast-fed infants contain very
little detectable butyric acid in their feces when compared to formula-fed infants and adults
(Edwards et al., 1994; Edwards and Parrett, 2002; Bridgman et al., 2017). This might be due to
the presence of HMOs in breast milk and can help to explain reduced steady-state butyrate
concentrations in our experiments when the culture medium contains GOS and GOS enriched in
LacNAc. Furthermore, in vivo data from murine models also show a reduction in butyrate
concentrations when mice are fed with GOS (Monteagudo-Mera et al., 2016).
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Literature reports have also shown that formic acid is a fermentation byproduct that often
associated with metabolism of complex oligosaccharides by bifidobacteria (Van der Meulen et
al., 2006; Özcan and Sela, 2018). Due to these reports, we checked our metabolome samples for
formic acid and while many samples contained small amounts of formate, it was at or below the
limit of detection for our system. Therefore, we did not include formic acid in our overall
analyses.
Steady-State CO2 and H2 generation rates. CO2 and H2, along with CH4 and H2S, are the
major gasses produced by gut microbiota (Hylemon et al., 2018). A unique aspect of our packedbed reactor system compared to alternative published human gut simulators is the real-time
measurement of gasses generated in the reactor environment. The continuous in-line monitoring
using gas analyzers (see Materials and Methods) allowed us to measure dynamic CO2 and H2
production rates and assisted while determining metabolic community stability. These signals
allowed for identification of culture stability (steady-state conditions) later confirmed by
constancy of dynamic concentrations of SCFAs, and ultimately the measurements of community
composition. Rates of gas generation measured for each dietary carbon structure and supply rate
are presented in Figure 7E-F. Each boxplot represents 400 representative points collected in
steady state during each supply rate tested.
Gastrointestinal CO2 generation is a major indicator of community metabolic activity, gut
microbiome homeostasis, and host health. Figure 7E displays the rates of community CO2
generation, as expected under dietary carbon growth limitation, they directly correlate with
dietary carbon supply rates. This adds to our system consistence evaluations, showing carbon
recovery approaching 100%. The data clearly show increased rates of CO2 generation and
dynamic butyrate concentrations from sucrose when compared to GOS, BsGOS, and
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LacNAcBsGOS (p<0.0001). The comparative overall decrease of CO2 generation rates and
dynamic butyrate concentration seen in the BsGOS and LacNAcBsGOS experiments were
directly associated with a selective reduction in CO2-evolving organisms and a reduction in the
relative abundance of the Clostridia in the presence of bile salts (See Table S1).
Hydrogen generation in the gut ecosystem has been shown to be intimately linked with
host health; molecular hydrogen is associated with many different host benefits, including
protection against oxidative stress and inflammation (Ohta, 2014). Additionally, insufficient
production of hydrogen has been linked to conditions such as Parkinson disease, while excess H2
production is connected to lactose intolerance (Metz et al., 1975; Ostojic, 2018). Hydrogen
generation rates for each of the four carbohydrate structures and supply rates examined can be
seen in Figure 7F. Compared to the alternative dietary carbohydrate structures tested in our in
vitro system, when GOS enriched with the human milk oligosaccharide LacNAc was fed, a
significant increase in hydrogen production at higher carbon supply rates was noticeable
(p<0.001). This data is consistent with in vivo data in mice, in which carbohydrate structures
with low digestibility generate more hydrogen (Fernández-Calleja et al., 2018). Members of the
Firmicutes have been shown to be major producers of molecular hydrogen in the GI tract
(Carbonero et al., 2012), and indeed the increased hydrogen production seen in the BsGOS and
LacNAcBsGOS experiments is moderately correlated with an increase in the relative abundance
of Firmicutes (R2 = 0.57229 and 0.38497, respectively; p<0.001).
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Figure 7. Targeted metabolite analysis from five different dietary carbon structure compositions (Lactose, Sucrose,
GOS, BsGOS, and LacNAcBsGOS). Each supply rate tested shows average steady-state concentrations of CO2, H2
and targeted short chain fatty acids (SCFA); acetate, lactate, propionate and butyrate obtained from two independent
experiments for each dietary carbon structure. Panels A, B, C, and D display the average values of lactate, acetate,
propionate, and butyrate concentrations in g/L, respectively. Panels E and F display the average of 400 points in
steady state collected by on-line monitoring of CO2 and H2 generation. The LA term in the productivity units is
calculated and dependent on a reactor active volume of 350 mL. In each boxplot, a line represents the median, while
the mean is represented by a small square.

Discussion
The use of bioreactors as culture systems for in-vitro simulation of the dynamic behavior
of the human intestinal microbiome has been proposed by numerous research groups over the
past three decades, and several review articles have been published comparing the strengths and
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weaknesses of several different operative systems (Payne et al.; Venema and van den Abbeele;
McDonald). All systems previously published have in common experiments performed using
stirred-tank bioreactors under homogeneous mixing conditions, likely due to out-of-the-box
availability. Additionally, most published systems utilize two or more reactor vessels connected
in series with individually controlled physical and chemical parameters, which adds considerable
operational complexity. Overall those experiments evaluate longitudinal time series using a fixed
carbon supply rate, thus the reported data provides confirmation of steady-state community
assembly under singular steady-state conditions (Silverman et al., 2018b). It should be noted that
using stirred-tank for in vitro gut community simulation is not without drawbacks and Payne et
al.(Payne et al.) highlight in their review several of the challenges associated with these systems,
including: the stability of the microbial ecosystem within the reactor, the reproducibility of the
system, and the challenge of balancing biological accuracy with the technical complexity of the
simulation system. We would also like to point out that in homogenously mixed stirred-tank
continuous systems, organisms that are not able to multiply (e.g. spores) or those that proliferate
in the reactor at a maximum specific growth rate slower than the dilution rate (supply rate) will
be washed out of the system (Pirt, 1975).
Here, we utilized a single step bench-scale packed-bed bioreactor (adapted from
Whittington et al. (Whittington et al., 2020)), which fundamentally differ from stirred-tank
reactors in that much of the volume of the reactor vessel is occupied by a support material
(typically inert materials such as silicone or glass), and homogeneous mixing is accomplished by
media recirculation at constant ascensional velocities. To date, a single study has tested packedbed bioreactors using a fixed supply rate and were also able to provide evidence of the assembly
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of stable (steady-state) gut communities containing keystone species such as Akkermansia
muciniphila (McDonald et al., 2015).
Packed-bed reactors offer simplification and improvements for in vitro gut microbiome
simulation and in addition to controlling the commanding parameters characteristic of the gut
local environment it also provides increased surface area facilitating ASV retention and
interactions. Since packed-bed reactors are similar to size-exclusion chromatography columns,
smaller particles are retained for longer periods of time in the column and the increase in carbon
availability at faster supply rates provided an opportunity for certain members of the community
with less efficient carbon uptake systems to flourish. As shown by the values of alpha diversity
of the assembled communities occurring during all of our experiments (Fig. 3), this retention
phenomenon is particularly apparent in the experiment utilizing GOS, where approximately 55%
of the carbon exists as difficult-to-digest galactooligosaccharides. In this case, as the dilution rate
increases, more lactose and glucose are available to species unable to utilize GOS, allowing for
their proliferation. Since the pooled fecal inoculum used for each experiment contained spores
and due to the size-exclusion properties of the packed-bed system, the retained spores present in
the reactor bed at inoculation are germinating when nutrient excess was available in the
environment, as demonstrated by the differential abundance data analyses (Fig. 4). Further
support for these hypotheses is provided by experiments performed by Browne et al. (Browne et
al., 2016), where the authors show that culturing methods allowed for the identification of novel
species from fecal inocula. Therefore, the PBR operative conditions were able retain and
maintain high diversity and inoculum ASVs the resembling inoculum as well as to generate
steady-state communities. The overall representation of the phylogenetic tree (Fig. 2) containing
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data of unweighted (present/absence) and persistent ASVs during each condition tested
summarize this conclusion.
To investigate the assembled steady-state communities’ similarities to the inoculum in
the PBR system, we performed differential abundance analysis by comparing differential relative
abundances of the ASVs found in the inoculum and the various conditions examined. During the
analysis a couple of patterns were obtained; firstly, there was a significant increase in the relative
abundance of Bifidobacterium spp. in the reactor comparted to the inoculum in all conditions
except those that contained bile salts. Outgrowth of Bifidobacterium sp. in the reactor was
expected, considering the high affinity of this group for the carbohydrate structures used in our
experiments (Yazawa et al., 1978; Monteagudo-Mera et al., 2016). Secondly, when bile salts
were present in the medium, fewer ASVs had statistically significant changes in relative
abundance when compared to the inoculum. This suggests that these conditions were able to
generate steady-state communities that more closely resembled the inoculum.
Due to their importance in microbial community dynamics (i.e. cross-feeding) and in host
health, CO2, H2, SCFAs, and lactate are commonly measured in microbiome studies.
Additionally, metabolomics can be used as a confirmation of steady-state conditions in
continuous systems. Here we chose to use a targeted metabolite analysis, both to confirm steadystate and for carbon accountability. Different metabolic pathways for production and reassimilation of carbon dioxide and molecular hydrogen are present in many microorganisms in
nature and are commonly found in the gut microbiome environment. Thus, due to their ubiquity,
we chose to monitor the levels of these gasses in real time as a measure of steady-state
conditions. Volumetric productivity values for each of these gasses can be found in Figure 7E
and 7F. Clearly, variability in the productivity of these gasses between retention times in the
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reactor are quite low, particularly when bile salts are preset in the culture medium (BsGOS and
LacNAcBsGOS), indicating a system in steady-state. We then confirmed steady-state conditions
using HPLC analysis of SCFAs and lactate (Fig 7A-D). These samples were taken at least one
retention time apart to allow for a full volume replacement in the reactor. When considering
carbon accountability, the vast majority of the carbon in our system can be recovered as lactate,
acetate, propionate, butyrate, and CO2; and indeed, carbon recovery in all conditions was nearly
100%, with biomass most likely accounting for the remaining few percentage points.
The stability (plasticity or elasticity) of microbial communities is dependent on both the
resistance (insensitivity to a disturbance) and the resilience (rate of recovery after a disturbance;
elasticity) of the community in response to a stimulus. In microbial communities, these variables
are often influenced by community diversity, which, in essence, is diversity of genes (Shade et
al., 2012). Our system clearly demonstrates the impact of dietary carbohydrate structures and
carbon supply rate on the resistance and resilience of microbial communities assembled in vitro
from a naturally-derived inoculum. As an example, the sucrose experiments demonstrate an
increase in alpha diversity (SI) as the carbon supply rate is increased, highly variable (although
not statistically significant) beta diversity metrics across supply rates, and a co-occurrence
network analysis that indicates highly variable communities across supply rates. Additionally,
the sucrose experiments display high variability in SCFA, CO2, and H2 levels across carbon
supply rates. This may indicate a plastic community, where the microbial community is sensitive
to changes in the carbon supply rate and reaches new steady states after each change in the
carbon supply rate. Conversely, the LacNAcBsGOS experiments show stable SI values across
carbon supply rates, similar beta diversity metrics between communities across supply rates, a
stable co-occurrence network across supply rates, and low inter-experimental variability in the
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metabolome, indicating a resistant and elastic/resilient community across carbon supply rates.
Previous work has shown that mice continuously fed with a probiotic and GOS show an increase
in stability of their gut microbiome over time (Ma et al., 2020). However, there is evidence to
suggest that the resilience of the gut microbiome may positively or negatively impact health
(Sommer et al., 2017).
To assess community stability, we also evaluated beta diversity, comparing assembled
communities across dietary carbohydrate structures and carbon supply rate. Figure 5A shows a
clear separation between conditions containing bile salts (BsGOS and LacNAcBsGOS) and those
that did not (GOS, Sucrose, and Lactose). This is not surprising as bile salts are well known to be
selective against Gram positive microorganisms (Begley et al., 2005). Additionally, Figures 5AC display very little variation between assembled communities fed with LacNAcBsGOS, even
across carbon supply rates. This observation was confirmed using a PERMANOVA, which
indicated that the communities fed with LacNAcBsGOS did not change significantly when
exposed to increasing carbon supply rates, further supporting our hypothesis that LacNAc
produces a more stable elastic community.
Community analysis using co-occurrence networks are commonly performed by
comparing communities obtained from longitudinal samples to infer ecological relationships
between their members. Usually transient compositional data is compared and large networks are
generated based upon the number of pairs of ASVs generating positive or negative correlations
related to changes in relative abundance. However, when a community composition is truly
constant, such as the steady state data generated during our in-vitro experiments, significant
differences in the relative abundance of pairs of ASVs are less common. Thus, when examining
the network topology of assembled communities from each dietary carbohydrate structure across
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carbon supply rates, it was found that over 70% of ASVs in the LacNAcBsGOS condition were
resilient across supply rates, while no more than 47% of ASVs were stable in any other condition
(Table 2). Also calculated as part of co-occurrence network analyses are closeness centrality and
degree, values that are positively associated with the “keystoneness” of an ASV (Berry and
Widder, 2014). Indeed, a high closeness centrality and degree was observed for the known
keystone species Faecalibacterium prausnitzii (Figure 6). Moreover, in networks generated for
the communities shaped by the alternative dietary carbohydrate structures tested, F. prausnitzii
consistently had a high level of closeness centrality and degree, further establishing its place as a
keystone species. Interestingly, in the LacNAcBsGOS condition, an ASV classified as
Clostridium ramosum consistently displayed a high level of closeness centrality and degree,
potentially indicating its importance in these conditions. This can be attributed to the fact that C.
ramosum is able to produce a highly active N-acetyl-β-Glucosaminidase, a principal mucindegrading enzyme (Narushima et al., 2014). Seeing as how LacNAc is a major component of
mucin, C. ramosum’s centrality in this condition becomes more apparent (Jin et al., 2017).

Conclusions
Here, we clearly demonstrated different degrees of reproducible community in vitro
assembly dependent on the carbohydrate structure and carbon supply rate. When fed with four
different carbohydrate structures including sucrose, lactose, GOS and GOS containing the human
milk oligosaccharide LacNAc, the microbial community reproducibly demonstrated
compositional elasticity or plasticity depending on the supply rate and carbohydrate structure
supplied. We found that this naturally-derived microbial community was unaffected by changes
in the supply rate only when the medium contained GOS enriched with LacNAc. We believe that
this study highlights the need for researchers to carefully consider the choice of culture medium
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and supply rate (i.e. retention time) prior to initiating in vitro microbiome studies in order to
control the plasticity or elasticity of the microbial community being examined. Additionally, we
present a simple packed-bed bioreactor-based system that allows for the cultivation of gut
microbiota that have traditionally been difficult to culture in vitro, such as Akkermansia
muciniphilia. The packed-bed bioreactor system described in this manuscript provides
researchers with a simple tool to increase the retention of slow-growing organisms by mimicking
the high surface area found in the gut. Further studies using different medium compositions are
needed to realize the full range of microbial community assemblies that can be obtained using
this system.

Materials and Methods
Inoculum preparation
The inoculum used in this study was obtained from fecal samples of four healthy infants (oneyear-old) collected by our collaborators (UNC Biomedical IRB# 12-0809). Fecal samples were
collected and fractioned into two separate 15 mL conical tubes by the collaborator, one tube
containing MRS + 10% glycerol and the other tube containing thioglycolate + 10% glycerol. All
tubes were frozen at -80°C. In order to create a working stock of inoculum containing the highest
initial microbial diversity, we anaerobically combined both the MRS and thioglycolate tubes
from each sample and then combined all four samples and fractioned 0.5 mL aliquots into 1.5
mL cryovials for storage at -80°C. All mixing and fractioning processes described above were
performed in a Coy anaerobic chamber to preserve the viability of anaerobic organisms present
in the samples. Invariably, prior to inoculation the medium was depleted of oxygen to allow for
the proliferation of anaerobic and slow-growing organisms.
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Culture medium
The basal medium used in this study contained 10 g/L yeast extract (BD Bacto, Lot# 6088514),
0.05 g/L MgSO4·7H2O, 2.5 g/L (NH4)2HPO4, and 0.005 g/L MnSO4·H2O. The dietary carbon
structures included in the medium varied between experiments but was kept at a constant 20 g/L;
the first, second, and third duplicated independent experiments utilized lactose, glucose, and
Oligomate (Yakult Pharmaceutical Industry Co., Ltd.), respectively. Finally, to examine the
impact of N-acetyllactosamine (LacNAc) at physiological concentrations on the assembly of the
microbial community, two additional duplicated experiments were performed with 0.4 g/L Bile
Salts #3 (Hardy Diagnostics) added to the culture medium. The carbon sources utilized were
Oligomate and Oligomate containing 1.2 g/L LacNAc.
Packed-bed reactor setup
The bioreactor used in this study was a custom water-jacketed glass reactor vessel (6.5 cm
internal diameter x 23.5 cm height, 600 mL volume; manufactured by Quark Glass) connected to
a Biostat B-Plus control unit (Sartorius Stedim Biotech S.A.). The reactor vessel was packed
with porous glass-foam beads 4-8 mm in diameter (Dennert Poraver GmbH) in order to provide
the system with a high surface area and low metabolic gas retention. To facilitate homogeneous
mixing, a recirculation loop was added to the system and increased the total volume to 620 mL.
This loop contained a sampling port, a connector through which fresh media was fed, and a
connector through which a 10% NaOH solution was fed to control pH. The porosity of the
packed bed was 40% and the active volume of the entire system was 350 mL. The ascending
velocity of the recirculation loop in the reactor was 281.7 cm/h, indicating a very well-mixed
system (Bruno-Bárcena et al., 2001).

74

To facilitate a consistent source of diversity, several steps were taken at the beginning of each
experiment in order to ensure anaerobiosis and proper development of the community. Firstly,
before inoculation, the media present in the reactor was circulated through a sterile external
vessel. This vessel contained a dissolved oxygen probe and a sintered glass bubbler through
which sterile nitrogen gas was passed. This process facilitated deoxygenation of the media and
was performed to prevent oxygen shock to anaerobic organisms present in the inoculum.
Immediately post-inoculation, sterile nitrogen gas was passed through the headspace of the
reactor vessel to maintain anaerobiosis within the reactor environment itself. Striping the reactor
headspace with a constant flow of N2 gas also allow for maintaining anaerobic conditions and for
continuous monitoring of gas production. Once the reactors were inoculated the pH was adjusted
to 5.8 after 24 hours, but otherwise kept in batch mode of operation for 48 hours, after which
continuous medium feed was initiated to an initial dilution rate of 0.04 h-1 until steady-state
conditions were attained as confirmed by monitoring production of CO2, H2 and short-chain fatty
acids.
In order to simulate increased rates of feeding, the dilution rate, and concurrently the retention
time, of the system was identically varied over the course of each experiment. Table 1 details the
system parameters for each dilution rate. Once the system reached steady-state, three samples
were taken at one-retention time intervals and following the third sample the medium flow was
increased to the subsequent dilution rate and the above process was repeated.
Sampling was performed by drawing 15 mL of liquid from a port in the recirculation loop of the
reactor. This sample was mixed thoroughly, and 1.5 mL aliquots were placed into 2 mL
microcentrifuge tubes and centrifuged at 10,000 x g for 2 min. The supernatant was transferred

75

to a 2 mL autosampler vial for HPLC analysis. This process was repeated once more, and pellets
were then stored at -80°C until sequencing.

Table 3. Packed-bed Reactor Parameters

Dilution Rate
(h-1)

Flow Rate
(mL h-1)

Retention Time
(h)

0.04
0.08
0.12
0.16

14.0
28.0
42.0
56.0

25.0
12.5
8.30
6.25

Carbon Source
Supply Rate
(g h-1)
0.28
0.56
0.84
1.12

Targeted metabolite and gas analysis
CO2 and H2 fermentation gasses generated in the system were continuously monitored in-line
with an ABB EL3020 gas analyzer and a Pfeiffer Omnistar mass spectrometer connected in
series. The same nitrogen used to maintain anaerobiosis was used as the stripping carrier gas for
this process and was flowed into the system at a rate of 0.208 mL/min. When the gasses
measured in the system remained at stable levels for at least three retention times, the system was
determined to be in steady-state. This was confirmed by HPLC analysis (Agilent 1100
chromatograph with a refractive index detector; Phenomenex Rezex ROA column at 65°C; 5mM
H2SO4 at 0.5 mL/min) of short-chain fatty acid (SCFA) and lactate levels for each sample.
SCFAs monitored included acetate, propionate, and butyrate.
16S rDNA amplicon sequencing
The V3-V4 regions of the 16S rDNA were amplified using Illumina MiSeq v3 chemistry
according to the protocol outlined by Illumina (2013). The primer pair used, including Illumina
overhang adapter sequences were as follows: S-D-Bact-0564-a-S-15 (5’76

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’) and
S-D-Bact-0785-b-A-18 (5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC3’) (Klindworth et al., 2013). Sequence analysis, including Chimera removal, Amplicon
Sequence Variant (ASV) binning, taxonomy assignments, and diversity calculations were
performed in QIIME2 (https://qiime2.org). Sequence reads were also analyzed using QIIME 1.9
with and without filtering using the DADA2 algorithm (Caporaso et al.; Callahan et al.). ASVs
were binned using a minimum cutoff of 10 reads per ASV and taxonomy was assigned at the
97% sequence similarity level.
Construction and annotation of phylogenetic trees
Before generating phylogenetic trees, the set of representative sequences generated by QIIME
was condensed using the condense_workflow.py script as implemented in the PhyloToAST
package (Dabdoub et al.). The condensed set of representative sequences was aligned using the
MAFFT and a tree was generated from this alignment using the RaxML algorithm (Katoh, 2002;
Stamatakis, 2014). Finally, the final tree was annotated with relative abundance data using the
iTol.py script in PhyloToAST and visualized using the Interactive Tree of Life browser tool
(Dabdoub et al.; Letunic and Bork).
Cooccurrence network analysis
Networks were generated using the SCNIC (Sparce Cooccurrence Network Investigation for
Compositional data) plugin for QIIME2 (https://github.com/shafferm/q2-SCNIC). Data were
filtered using the built-in method which removes all samples with a total OUT read abundance of
less than 500 and removes any ASVs with a read abundance of less than 2. ASV correlation
tables were calculated for each dietary carbon source using the Kendall-Tau correlation method
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included in SCNIC. The correlation network was then constructed based on a p-value cutoff of p
< 0.05 and a r-value cutoff of 0.35. The resulting network was plotted and annotated using
Cytoscape (www.cytoscape.org).
Statistics
All statistics were performed in OriginPro 2015 (OriginLab Corporation, Northhampton, MA).
Data were first checked for normality and homogeneity of variance using the methods of
Shapiro-Wilk and Levene, respectively. Normally distributed data were subjected to an ANOVA
followed by Tukey’s HSD to separate means. Data that did not fit a normal distribution were
analyzed using a Kruskal-Wallis ANOVA followed by a Mann-Whitney U test to separate
means. DPCoA plots and the analysis thereof were performed in R 3.6 using the phyloseq,
ggplot2, and vegan packages (Wickham; McMurdie and Holmes; Team; Oksanen et al., 2019).
Beta diversity statistical analyses were performed using the PERMANOVA and PERMDISP
functions of the vegan package in R. Differential abundance plots were generated in R using the
DESeq2 package (Love et al., 2014). Unless otherwise noted, the alpha for all statistical tests
was fixed at 0.05.
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Appendix A
Tables S1 - S3 can be found on the NC State Theses and Dissertations Repository
(https://repository.lib.ncsu.edu/handle/1840.20/23). They will be located directly below the PDF
of the main dissertation document as Microsoft Excel files. Descriptions of these tables can be
found below.

Table S1. Bacterial 16S rRNA relative abundance in ametoctradin-treated soils and untreated
soils from each location. For the NJ soils, the percent change in relative abundance for each OTU
is provided. Red represents a decrease in relative abundance and green represents an increase in
relative abundance.

Table S2. Eukaryotic and Archaeal relative abundance in ametoctradin-treated soils and
untreated soils from each location.

Table S3. Bacterial 16S rRNA relative abundance in the bioreactor. For reference, the relative
abundance from the same OTUs in the treated and untreated soils are included. OTUs that
increased in relative abundance after treatment with ametoctradin are highlighted in green, while
OTUs that decreased in relative abundance are highlighted in red. A trend line for OTU relative
abundance across dilution rates is included on the far right column for reference.
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Figure S1. Phylogeny and relative abundance of bacterial sequences in each of the four soils
examined. Phylogenetic tree was generated in Geneious using the PHYML algorithm from the
set of representative sequences generated by QIIME. The diameter of each circle is directly
correlated to the percent relative abundance of the OTU, with larger circles representing higher
relative abundance. OTUs with a relative abundance of <0.3% have circles of a diameter too
small to be displayed. OTUs highlighted in red are well-known degraders of xenobiotic
compounds.
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Figure S2. Phylogeny and relative abundance of archaeal and fungal sequences in each of the
four soil samples examined. Phylogenetic tree was generated in Geneious using the PHYML
algorithm from the set of representative sequences generated by QIIME. The diameter of each
circle is directly correlated to the percent relative abundance of the OTU, with larger circles
representing higher relative abundance. OTUs with a relative abundance of <0.3% have circles
of a diameter too small to be displayed. The Oomycetes, highlighted by the black box, are the
target organisms of ametoctradin.
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Figure S3. A schematic of the packed-bed bioreactor. Arrows indicate the direction of flow
through the system. The speed of the harvest pump and the recirculation pump were constant,
while the speed of the feed pump was varied according to the dilution rate examined.
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Appendix B
Tables S1 can be found on the NC State Theses and Dissertations Repository
(https://repository.lib.ncsu.edu/handle/1840.20/23). It will be located directly below the PDF of
the main dissertation document as a Microsoft Excel file. A description of this table can be found
below.

Table S1. Bacterial 16S rRNA relative abundance in the inoculum, and each supply rate and
carbohydrate structure. The inoculum, BsGOS, LacNAcBsGOS, GOS, Lactose, and Sucrose
conditions are highlighted in gray, orange, yellow, red, blue, and green, respectively. Values are
the average of 2 technical replicates and 3 biological replicates. The far right column represents
ASV persistence, or the percent of conditions in which that particular ASV is present. The
bottom row in each column represents the number of taxonomically-collapsed unique ASVs in
each condition.
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Figure S1. Co-occurrence network of overall interactions while testing BsGOS carbon structures
and supply rates. Data were generated in QIIME2 using the q2-SCNIC plugin. Node size and
node color represent closeness centrality and degree, respectively. Nodes are ordered by
increasing degree in a clockwise fashion. Edge width and edge color represent adjusted p-value
(significance) and R-value (correlation), respectively.
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Figure S2. Co-occurrence network of overall interactions while testing GOS carbon structures
and supply rates. Data were generated in QIIME2 using the q2-SCNIC plugin. Node size and
node color represent closeness centrality and degree, respectively. Nodes are ordered by
increasing degree in a clockwise fashion. Edge width and edge color represent adjusted p-value
(significance) and R-value (correlation), respectively.
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Figure S3. Co-occurrence network of overall interactions while testing Lactose carbon structures
and supply rates. Data were generated in QIIME2 using the q2-SCNIC plugin. Node size and
node color represent closeness centrality and degree, respectively. Nodes are ordered by
increasing degree in a clockwise fashion. Edge width and edge color represent adjusted p-value
(significance) and R-value (correlation), respectively.
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Figure S4. Co-occurrence network of overall interactions while testing Sucrose carbon structures
and supply rates. Data were generated in QIIME2 using the q2-SCNIC plugin. Node size and
node color represent closeness centrality and degree, respectively. Nodes are ordered by
increasing degree in a clockwise fashion. Edge width and edge color represent adjusted p-value
(significance) and R-value (correlation), respectively.
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