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Bacterial growth, flow, and mixing shape human gut microbiota density

and composition
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ABSTRACT

The human gut microbiota is highly dynamic, and host physiology and diet exert major influences
on its composition. In our recent study, we integrated new quantitative measurements on bacterial
growth physiology with a reanalysis of published data on human physiology to build a
comprehensive modeling framework. This can generate predictions of how changes in different
host factors influence microbiota composition. For instance, hydrodynamic forces in the colon,
along with colonic water absorption that manifests as transit time, exert a major impact on
microbiota density and composition. This can be mechanistically explained by their effect on
colonic pH which directly affects microbiota competition for food. In this addendum, we describe
the underlying analysis in more detail. In particular, we discuss the mixing dynamics of luminal
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content by wall contractions and its implications for bacterial growth and density, as well as the
broader implications of our insights for the field of gut microbiota research.

Introduction

The human colon is densely colonized by a microbial
community, collectively known as the gut microbiota.
This microbiota has been the focus of a “first wave” of
intense research effort starting in the 1970’s and 80’s,
when sophisticated anaerobic culturing techniques
became first available,'* and a large body of literature
was assembled on the composition and metabolism of
the members of this microbial community."® At the
same time, careful studies on human intestinal physi-
ology greatly increased our understanding of the
dynamic flow-environment these microbes live in.”'?
With the development of metagenomic sequencing
techniques and the necessary bioinformatic methods to
analyze the resulting data, in combination with gnoto-
biotic animal models, the field of gut microbiota
research has experienced renewed interest since the
early 2000’s. It became clear that the composition of
the microbiota (or the microbiome, if the “community
of sequences” is referred to, as a proxy for the

community of species) affects various aspects of its
host’s health.">*¢

Unfortunately, the large amount of knowledge that
was assembled during the “first wave” of microbiota
research and the more quantitative consideration of
intestinal physiology have received very little attention
in the more recent literature. In a recent s.tudy,17 we
have made an effort to combine these two epochs of
microbiota research. Combining a careful re-analysis
of the literature on the growth conditions that bacteria
face in the human intestine with experimental analysis
of bacterial growth, we created a mathematical model
that incorporates these aspects. When comparing pre-
dictions generated with this model to published
sequencing data on the human microbiota and its
phylum-level composition, the results are reproduced
remarkably well, indicating that we have captured the
main determinants of microbiota composition and
that the model can be useful to predict the effects of
new manipulations on the gut microbiota.
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In the present addendum, we discuss the main
ingredients of our model in more detail, and give an
outlook of open research questions in the gut micro-
physiology
approach in combination with mathematical model-
ing can yield unprecedented insight.

biota field, where our quantitative

A short overview of anatomy and bacterial
abundance in the gut

The human intestine is generally divided into the
small and large intestine. We are going to use the term
colon to describe the entire large intestine in the fol-
lowing text, even though it is often further subdivided
into cecum, colon, and rectum. Bacterial numbers and
microbiota composition have been measured for the
different parts of the human intestine, and it has been
shown that both the amount and the types of bacteria
change drastically between small and large intestines:
there are far larger numbers of microbes in the colon
than in the small intestine, and they are less tolerant
to oxygen.'®'” The nutrient supply for the bacterial
community in the colon is largely dependent on
fibrous material that arrives from the small intestine.
We therefore expect the majority of bacterial growth
to take place in the proximal colon, the part that is
closest to the small intestine, which we term the
growth zone. This is where the strongest increase in
bacterial abundance takes place,'® but also where the
flow of luminal contents is strongest'” (see below). We
thus argue that bacterial densities in the colon are
largely determined by a combination of bacterial
growth, flow in the colonic lumen, and active mixing
of colonic contents by muscle contractions. In the fol-
lowing, we are going to lay out the quantitative argu-
ments that led to this conclusion, and explain how
these arguments were derived from experimental data
that was produced by us and others.

The gradient nature of luminal flow and its strength
in the growth zone

Our effort to describe the dynamics of a model gut
microbiota started with the consideration of basic prop-
erties of the colon. Anatomically, the human colon is a
tube-like organ that receives luminal contents from the
small intestine. These contents are transported through
the colon and eventually leave the body as fecal matter.
The volume of inflow from the small intestine (roughly
1.5 1/day)'®® is far greater than the volume of fecal

matter (roughly 100-200 ml/day)*"** leaving the body,
and the difference can be explained by water absorption
through the colonic epithelium.>® The speed of flow
through the colon is thus determined by its dimensions,
by the amount of inflow it receives from the small intes-
tine per unit time, and by the amount of water that is
absorbed by the colonic walls: as water is absorbed con-
tinuously along the length of the colon, a gradient of
flow rates along the length of the colon is formed, with
fast flow rates (around 30 pm/s) in the beginning and
slower flow rates (around 5 pm/s) towards the end."”

Active mixing of colonic contents is crucial
to prevent washout

These numbers immediately raised the question how
the high density of microorganisms that is known to
be present in the proximal colon can be maintained
under such high flow. We ruled out a number of pos-
sible explanations: 1) Constant inoculation from the
small intestine is quantitatively and qualitatively insuf-
ficient to explain bacterial composition in the colon; 2)
Active upward motility of bacterial cells cannot
explain bacterial density and diversity, since the flow
rates would require a constant and targeted swimming
of all bacteria against the flow. This is even more
unlikely as not all gut microbes possess genes encod-
ing flagella; 3) The surface area of a colonic-wall-asso-
ciated biofilm, combined with the known growth
rates, would not be sufficient to replenish bacterial
densities within the entire colonic volume. We there-
fore argued that active mixing through contractions of
the muscle layer that surrounds the colon could gener-
ate movement of planktonic bacteria against the flow
direction and thus avoid washout of the microbiota,
and we generated experimental and theoretical evi-
dence for this explanation'”*”: Flow and mixing con-
ditions exist that allow the establishment of a stable
microbiota, given a realistic rate of microbiota prolif-
eration (Fig. 1).

To estimate the strength of mixing in the human
colon, we used published data on the passage of par-
ticles through the colon in human subjects. This data
was produced by Hammer and Phillipps®® to estimate
the effect of fluid load in the colon on transit through
the different parts of the colon and on stool composi-
tion. In short, they injected radiolabeled particles into
the cecum. They recorded two things which were cru-
cial to estimate mixing: the fraction of particles that
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Figure 1. Bacterial density in the ascending colon (pLl) is deter-
mined by flow and mixing, in addition to bacterial growth. For a
range of mixing strengths and flow velocities, average bacterial
densities in the ascending colon are shown as a color gradient. If
flow through the colon is fast, and mixing weak, the microbiota
cannot reach high densities, as they are washed out quickly (bot-
tom right corner of the plot). Both stronger mixing and slower
flow rates help to increase microbiota densities. The dashed
white lines indicate conditions that we assume to be prevalent in
a healthy human colon (a mixing coefficient of 10° um?/s, see
Figure 2 for how this number was derived, and an average flow
velocity of 17.5 um/s). Simulations were performed as described
in," Figure S2).

has passed after 4 hours, and the time it took for 50%
of the particles to pass the different colonic segments.
We generated a model using this data, along with
the flow rates we had calculated based on our knowl-
edge of colonic dimensions, and the fluid inflow
imposed by Hammer and Phillips in their experiment.
This allowed us to simulate passed fractions and half-
emptying times assuming a variety of mixing strengths
and a range of flow rates (Fig. 2). By doing this, we
were able to identify a plausible window of mixing
strengths, which explains the observed data. If mixing
was stronger, half-emptying times would have to be
much shorter than the ones observed, regardless of
flow rate (Fig. 2, left panel, dashed grey curve); if mix-
ing was weaker, the injected particles move through
the colon as a tight bolus. The passed fraction after
4 hours would thus have to drop sharply from no
passed particles at low flow rates to 100% passed par-
ticles at higher flow rates (Fig. 2, right panel, solid
grey curve). As the data does not show either behavior,
we determined the flow rate to be intermediate, and
we approximated it with an effective diffusion coeffi-
cient of 10° um?/s (Fig. 1, red curves). This means
that active mixing in the colon causes a redistribution
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Figure 2. Estimating the strength of mixing in the colon.
Measurements taken by Hammer and PhiIIips28 (black dots) are
shown, together with simulation results with varying mixing
strengths. We used the comparison between simulations and the
measured data to estimate the actual strength of mixing in the
human colon. The left panel shows the relation between inflow
volume (flow velocity) and half-emptying time of content from
the proximal colon; very strong mixing can be ruled out, as for
slow flow velocities, it would lead to much lower half emptying
times (dashed grey line) than are supported by the data (black
dots). The right panel shows the relationship between inflow
volume (flow velocity) with the fraction of particles that has
passed the ascending colon after 4 hours. Using this data, we can
rule out very weak mixing: with increasing flow velocity, one
would observe a sharp jump from a regime where no particles
have passed for low velocities to a regime where almost all par-
ticles have passed (solid grey line). This is also not supported by
the data, which describes a much smoother dependence on flow
velocity (black dots). Our best estimate for mixing strength that
consolidates these two sets of data is shown as red curves in
both panels.

of luminal contents that is roughly 1000x stronger
than diffusion of small molecules in water.*

Microbiota composition is a consequence
of bacterial growth

It is important to realize that the composition of the
bacterial community in the gut is a direct consequence
of bacterial growth. As approximately half of the bac-
terial biomass in the colon is lost via the feces every
day,*” and only very little bacterial biomass is replen-
ished by inflow from the ileum, the microbiota has to
grow to maintain its high density. In the anaerobic
conditions prevalent in the colon, this growth is fer-
mentative, and the metabolic pathways employed by
the microbes to produce energy and biomass requires
the excretion of large amounts of fermentation prod-
ucts. These fermentation products are predominantly
short chain fatty acids (SCFA),*® such as acetate, pro-
pionate and butyrate, and because of the high bacterial
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densities, the SCFA can reach concentrations that sig-
nificantly affect the local chemical environment,
namely the pH of the colonic lumen. This environ-
mental change affects bacterial growth: pH change
affects the ability of gut bacteria to grow, and different
microbiota members vary in their sensitivity to pH
changes.'”*"** Community composition is thus
strongly affected by a feedback between bacterial
growth and the environment. To complicate matters
turther, the host plays into this feedback by taking up
SCFA from the gut lumen through the colonic epithe-
lium.”> This happens mostly via antiporters that
exchange SCFA for bicarbonate, which acts as a buffer
in the lumen. We experimentally quantified bacterial
growth at different pH values as well as the rate of
SCFA production,'” and derived values for SCFA
uptake and bicarbonate excretion from the litera-
ture’*® (Fig. 3 is a graphical summary of the feedback
effect described here).

This dynamic feedback thus leads to predictable
changes in bacterial growth, which in turn lead to
changes in the environment until an equilibrium is
reached. Manipulations of bacterial composition (e.g.
through fecal transplants), human physiology (e.g.
through laxatives, diarrhea drugs) and the amount
and composition of the food taken up by the host can
change this equilibrium. We analyzed the effects of
changes in water absorption by the colonic epithelium

T~ VWY
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and of changes in nutrient intake on a model micro-
biota, consisting of representatives of the two most
abundant phyla, the Bacteroidetes (B) and the
Firmicutes (F). B and F typically make up 90% of the
human gut microbiota,”” and analyzing how changes
affect a simplified microbiota consisting of these two
phyla thus allowed us to understand how the compo-
sition of the bulk biomass reacts to these changes.

Natural variation in food intake and water
absorption can explain the observed variation
in microbiota composition

When investigating changes in nutrient availability in
the colon and colonic water absorption, we noted a
strong influence on microbiota composition in our
computational model. This influence was largely
mediated by the pH feedback on bacterial growth dis-
cussed in the previous section.

Changes in nutrient availability in the colon can
come about both by a variation in total food intake by
the host, and by a change in diet, with higher fiber
content leading to more nutrients arriving in the gut.
These changes have a dramatic influence on the B/F
ratio in the gut. At low nutrient availability, B capital-
izes on its faster growth rate and outcompetes F until
all nutrient is used up, leading to a high B/F ratio. If
nutrients are plentiful, B outcompetes F only until

water content
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peristaltic mixing
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Figure 3. The physiological architecture underlying the growth dependent pH feedback. We show a schematic representation of the
interactions occurring in the ascending colon. As nutrients arrive from the small intestine along with fast water flow, both Bacteroidetes
and Firmicutes start fermenting these nutrients and producing biomass. In this process, they produce acidic fermentation products
(mainly short chain fatty acids, SCFA), which lower the local pH in the colon. This effect is counteracted by dedicated transporters in the
epithelium which pump out SCFA in exchange for bicarbonate that acts as buffer, but this effect is increased by water absorption
through the colonic epithelium, which concentrates the luminal content. Importantly, low pH affects growth of Bacteroidetes much
more strongly than growth of Firmicutes, changing their relative competitive fitness. A change in pH will thus lead to a change in micro-

biota composition. Figure adapted from."”



enough SCFA are produced to lower the pH enough to
lose its advantage; F then profits from its better acid
tolerance and its relative abundance increases. Hence,
the B/F ratio is smaller if more nutrients are available.

Changes in colonic water absorption, and thus in
the water content of luminal material and, as a conse-
quence, of the consistency of resulting fecal material,
also affects B/F ratios markedly.’®* Importantly, the
effect works via the same feedback mechanism,
because water absorption has a concentrating effect
on the SCFA: if water absorption is strong, SCFA are
concentrated because water is taken out of the system.
If water uptake is weak, SCFA are still produced, but
do not reach concentrations sufficient to affect growth
of B. Consequently, the B/F ratio is high at weak water
absorption, and decreases strongly with stronger water
absorption.

B/F ratios have been the subject of intense inter-
est in the past.*”*' These two phyla make up the
bulk of a typical human microbiota, and their rela-
tive abundances have been suggested to be indica-
tive of the health of the host.!**>** However, the
B/F ratio has been measured to vary strongly even
in humans that report themselves to be healthy.””
To find a mechanistic explanation for this varia-
tion, we decided on a range of nutrient availability
and stool consistencies (modeled as changes in
water absorption) that can be considered acceptable
for human subjects to self-report as healthy, and
tested the effects of these changes on the micro-
biota. By implementing variation in nutrient intake
and stool consistency, both of which act via the pH
feedback that we have described, we were able to
explain this variation in microbiota compositions
in healthy subjects (Fig. 4).

Future directions

Our work has shown that careful consideration of
physiological parameters in a quantitative way can
lead to mechanistic insights into the interplay between
host and microbiota. In most published studies on the
gut microbiota, physiological parameters are not
reported, even though many treatments are highly
likely to affect the parameters we have identified to
have a strong impact on the microbiota, namely water
retention in the colonic lumen and nutrient availabil-
ity in the gut. Better control of these parameters, and a
better characterization of the basic physiological
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Figure 4. Nutrient intake and stool consistency are sufficient to
explain microbiota variation in healthy humans. The relative
abundance of Bacteroidetes (color code) in a simplified micro-
biota consisting of 2 phyla changes drastically even for small
changes in nutrient uptake and epithelial water absorption
(which is related to stool consistency in a linear way). The solid
white lines denote standard estimates for healthy humans as
used in our model, the area inside the dashed line is the variation
in nutrient intake and stool consistency considered healthy. Col-
ors from red (almost only Bacteroidetes) to blue (almost no Bac-
teroidetes) are included in that area, indicating that small
physiological changes that will not affect the perceived health
status of the host can have strong effects on microbiota composi-
tion. The strong dependence of stool consistency on B/F ratios
recapitulates recent observations.?®*° Figure adapted from."”

parameters of the laboratory animals in which these
experiments are performed, are therefore desirable.
Using the B/F ratio as a proxy for the microbiota
clearly is an oversimplification of this complex
community, and a number of interesting extensions
to the present model are possible to allow a more
comprehensive view on this complexity. Models
that take the metabolism and interactions of a
more realistic microbiota into account**** can be
extended to include host physiology on a spatial
scale. Adapting the model to reflect the physiology
of model organisms for microbiota research, such
as mice,*® but also of pigs47 or zebrafish,*** can
help gain a mechanistic understanding of the influ-
ence of host physiology on the gut microbiota and
generate predictions that are directly testable by
experiments. New models should also aim to
include the coupling between luminal and mucosal
microbial populations,” explicitly including the
oxygen gradient in the radial direction,”" and ratio-
nalize the observed spatial patterns along the gut as

observed in mouse models.’*>?
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A very interesting angle for future studies is a
quantitative analysis of the reaction of the host to
bacterial growth in the colon (i.e. a reaction that
goes beyond continuously absorbing water and
SCFA in exchange for bicarbonate). Since the host
takes up SCFA, it has a direct readout of bacterial
growth and even, by the relative amounts of differ-
ent SCFA, of community composition. Several ways
to translate this readout into physiological changes
have been proposed.” These include changes in
colonic motility,”” epithelial biology,”® and immu-
nity.””*®* How these physiological responses to
SCFA dynamically act on the microbiota, and how
this feedback between host and microbiota affects
community composition, is a research area with
enormous potential.

By taking into account physiological parameters of
both the host and the gut microbiota, we were able to
identify crucial factors that dictate changes in
microbiota growth and composition. In order to make
the next step and link these findings with medically
relevant data to generate predictions on the interde-
pendence of the microbiota and the host in disease
states, more data has to be generated, not only of the
microbiota composition and its dynamics during dis-
ease, but also of physical parameters that might
change and that can have large effects on microbial
growth. Only then will it be possible to disentangle
mere correlations between sickness and the microbiota
from causation, and effective, rationally designed
therapies targeting the gut microbiota will become a
real possibility.
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