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Abstract

In this paper we study antibiotic-induced C. difficile infection (CDI), caused by the toxin-pro-
ducing C. difficile (CD), and implement clinically-inspired simulated treatments in a compu-
tational framework that synthesizes a generalized Lotka-Volterra (gLV) model with SIR
modeling techniques. The gLV model uses parameters derived from an experimental
mouse model, in which the mice are administered antibiotics and subsequently dosed with
CD. We numerically identify which of the experimentally measured initial conditions are vul-
nerable to CD colonization, then formalize the notion of CD susceptibility analytically. We
simulate fecal transplantation, a clinically successful treatment for CDI, and discover that
both the transplant timing and transplant donor are relevant to the the efficacy of the treat-
ment, a result which has clinical implications. We incorporate two nongeneric yet dangerous
attributes of CD into the gLV model, sporulation and antibiotic-resistant mutation, and for
each identify relevant SIR techniques that describe the desired attribute. Finally, we rely on
the results of our framework to analyze an experimental study of fecal transplants in mice,
and are able to explain observed experimental results, validate our simulated results, and
suggest model-motivated experiments.

Author summary

The burgeoning integration of big data and medicine is a portent of personalized health-
care. There is a need for accurate, predictive, and mechanistic models that can be relied
upon to forecast the course of a disease, test treatments in-silico, and ultimately inform
the doctor’s prescription. These models, still nascent, are buoyed by rich datasets available
due to recent advances in experimental methods (e.g. 16S rRNA high-throughput
sequencing); one such model, which we build upon in this paper, was developed by Stein
et al. to predict the growth of the infectious C. difficile (CD) and 10 other microbial genera.
In this paper we extend the existing model to capture clinical treatments and biologically
relevant phenomena. First, we incorporate fecal transplants and identify the mechanism
by which they treat C. difficile infection (CDI). Then, we develop a methodology that
endows a microbe with nongeneric attributes within the existing framework; specifically,
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we add CD sporulation and the developement of antibiotic-resistant strains of CD. By bet-
ter reflecting the clinically relevant properties of CDI we can “personalize” a mathematical
model to a given disease; this construction of generic yet customizable models will be rele-
vant for personalized healthcare models in years to come.

Introduction

Microbiota are covertly instrumental in bodily functions including immune response [1] and
colonization resistance [2, 3]. Some diseases are associated with an imbalanced microbiome,
due to disproportionate regulatory action of the host in response to the microbiome composi-
tion [4]. Ironically, another pathway to disease is through antibiotic administration, which can
dramatically alter microbial composition and diversity, hinder colonization resistance, and
subsequently allow for pathogen infection. Specifically in this paper, we focus on antibiotic-
induced C. difficile infection (CDI), a prevalent nosocomial disease [5, 6].

The advent of high-throughput sequencing provides cheap and accurate time-series abun-
dance data of interacting microbial populations, which can then inform dynamic models that
extrapolate system behavior [7, 8]. One idealization of interacting species is the generalized
Lotka-Volterra (gLV) model, which assumes that the competitive dynamics of a system are
entirely captured through pairwise (inter-species) and self (intra-species) interactions [9]. The
gLV model ignores explicit external factors like availability of organic compounds, tempera-
ture, or location, but it is the most general possible second order differential equation that
describes interacting populations, with some reasonable biological constraints.

Approximating microbiome dynamics as a gLV system is a first step towards quantifying
the complex interactions between competing microbes. Inarguably this model misses many
subtle, non-competition based, interactions: for example, a non-abundant type of bacteria (e.g.
Escherichia) may produce proteins vital to general bacterial function (e.g. pili production) [10],
but this contribution would not explicitly appear in the model.

In this paper we simulate the prevalence of C. difficile (CD) in the microbiome with a gener-
alized Lotka-Volterra model. The work by Stein et al. [11] and Bulffie et al. [12] serves as a
point of departure, from which we develop a framework for evaluating the efficacy of different
treatment protocols for CDI. This framework develops causal relationships between simulated
therapies and microbiome compositions and also explores how bacterial adaptations such as
sporulation and antibiotic-resistant mutation may be added to the gLV model. These clinically
motivated approaches explain distinct qualitative aspects of CDI that are otherwise unexplored
or inconsistent with previous models.

We begin by discussing the clinical background and existing models of CD infection,
including the mathematical model we use in this paper, and by describing our in-silico imple-
mentations of CD treatments. Then we numerically construct phase diagrams that depict the
available behaviors of the simulated system, implement in-silico clinical therapies for CDI, and
quantitatively track the efficacies of these therapies. Lastly we describe how to include mecha-
nisms for sporulation and mutation in our model, and evaluate their impacts on the efficacy of
antibiotic treatment. Through these techniques, we reveal the importance of timing on the effi-
cacy of fecal microbiota transplantation (FMT) and additionally recover the clinical recom-
mendation for pulsed antibiotic administration when treating CD. Finally, we wield this
framework to explain experimental FMT outcomes [13], validate simulated results, and pro-
pose future experiments.
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The era of personalized medicine and prevalence of high-throughput sequencing will
demand accurate microbiome models that can predict, diagnose, and recommend treatment
for microbiome disease, and the framework developed in this paper builds upon existing mod-
els [14] to progress towards this goal.

Background

CD is a spore-forming bacterium that can produce toxins which cause CD associated diarrhea,
afflicting three million people each year [15]. CDI is especially common in the elderly and in
patients who are prescribed antibiotics, since antibiotics deplete the microbiome so that
ingested spores of CD— often acquired in healthcare facilities or nursing homes— may invade
the vulnerable microbiome [16].

The link between antibiotic treatment, CDI, and microbiome composition was investigated
by Buffie ef al. [12] in a study that gathered mouse time-series phylogenetic data via high-
throughput 16S rRNA sequencing. In the study three scenarios were considered, in which the
mice were either left alone as a control, exposed to CD, or dosed with the antibiotic clindamy-
cin and subsequently exposed to CD. Each scenario was performed in triplicate and consisted
of around 10 time points spanning four weeks, and each time point consisted of thousands of
phylogenetic 16S rRNA gene sequences which were mapped to taxonomic species and tallied.
The study found that after antibiotic administration of clindamycin the mouse microbiome
was less diverse (in terms of the Shannon diversity index) and vulnerable to CDI, which is con-
sistent with clinical observations of humans who develop CDI [15, 16]. Because the anatomies
of mice and humans are similar [17] and the microbiomes of both species react to changes in
diet in a similar manner [18], it is common to treat the mouse model as a proxy for human
CDL

In a first attempt to model the relationship between CDI and antibiotic treatment, Stein
et al. [11] proposed a generalized Lotka-Volterra (gLV) model to explain the interactions
between different microbes. The parameters for this model were fit with the previously men-
tioned data from Buffie et al. [12]. To reduce dimensionality, Stein et al. assumed that bacteria
within a given genus behave similarly, and consolidated the species-level data into genus-level
data. The parameter fitting procedure was tested on in-silico data, and the fitted parameters
satisfied biologically reasonable restrictions. This model— described in more detail in the text
surrounding Eq (1)— produces microbiome composition trajectories which allow for simu-
lated antibiotic treatment or exposure to CD. The Spearman rank correlation, a measure com-
paring the predicted microbe abundances with the experimentally measured abundances, was
0.62 (the largest achievable value is 1), and simulated trajectories for each microbe typically
matched experimental trajectories within an order of magnitude. Especially, the model pre-
served the clinical and experimental conclusion that microbiomes treated with the antibiotic
clindamycin were vulnerable to CDI.

In this paper, we start from a gLV model with previously fitted parameters [11], analyze the
steady states, and then build upon this model to explore clinically motivated adaptations. In
particular, we focus on simulated remedial treatments that can avoid or reverse C. difficile
infected steady states, which we interpret as microbiomes suffering CDI.

Models and methods
Generalized Lotka-Volterra equations

The generalized Lotka-Volterra equations track the abundance of N populations x; through
time; in our case, the populations are N — 1 genera plus the bacterial species CD. They read, for
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i€l,..,N,

%xi(t) = xi(t) (:ui + ZMijxj(t) + Si”(t)> : (1)

The dynamics of each population are of the same form, so the distinct individual trajecto-
ries are entirely determined by the choices of parameters and initial conditions. The parame-
ters and initial conditions that are used to generate each figure are given in Table A of S1
Appendix. For a population x; y; describes that population’s self-growth while M;; describes
the pairwise effect of population j on population i, an interaction that can be interpreted as
mutualistic, commensalistic, or parasitic. Lastly, £;u(t) is an external forcing term, which in
our model represents the effect of an administered antibiotic u(t) operating with efficacy €;. In
all, Eq (1) accounts for zeroth, first, and second-order terms, and approximates the competi-
tive dynamics as a power series of the individual populations.

The procedure for parameter fitting is explained in detail and performed by Stein et al. [11].
Briefly, the fitted parameter values satisfy y; > 0 and M;; < 0 for each i, so that in isolation each
population will grow and eventually self-limit. Most but not all microbial groups are inhibited
by the antibiotic clindamycin. Since the interactions between populations have no clear hierar-
chy, we interpret the gLV model as microbes on the same trophic level competing for a shared
resource— the pairwise interactions, then, effectively describe a food web which we visualize
in Fig 1. While dynamical systems such as this one may in principle display an array of behav-
iors, with these fitted parameters we have only observed trajectories that approach biologically
reasonable steady states (e.g. no periodic orbits have been observed); if we interpret the nega-
tive values in M;; as negative covariances between populations, then this stability is consistent
with the covariance effect [19].

Simulation of CDI treatments

In clinical practice, CDI is defined by the presence of toxigenic CD or of CD toxins in a patient
experiencing diarrhea— since there are asymptomatic carriers of CD the mere presence of CD
is not sufficient for diagnosis [16]. However, since the model Eq (1) does not predict toxigenic-
ity or toxin production, for the purposes of this paper we equate CDI to the prolonged pres-
ence of CD in a simulated microbiome.

Stein et al. [11] investigated the existence and stability of steady states for the system Eq (1).
Additionally, they found that for some initial compositions, antibiotic administration can alter
a microbial composition to the degree that the composition becomes susceptible to CD coloni-
zation. Building upon their work, we propose the following three clinically relevant interven-
tions and their corresponding in-silico implementations:

1. inoculation with CD at time ¢, corresponding to x(t;) — x(t;) + x. where x, is purely com-
posed of CD,

2. antibiotic administration, corresponding to a u(t) that is (unless otherwise specified) a
unit pulse of concentration c at t = 0, and

3. transplantation of CD-resilient microbiota into a CD-susceptible microbiome at time t7;
corresponding to x(t7) — x(t7) + X;c, where x;¢ is a transplant composed of a CD-resilient
initial condition.

We refer to a simulation which implements any combination of these external interventions
as a treatment scenario.
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=== Barnesiella Akkermansia
mmssm undefined genus of Lachnospiraceae Coprobacillus
== unclassified Lachnospiraceae undefined genus of Enterobacteriaceae
e Other Enterococcus
Blautia == Clostridium difficile
=== undefined genus of unclassified Mollicutes

Fig 1. Pairwise interactions between bacterial populations may be interpreted as a microbial food web. An arrow
from population j to population i represents the effect of j on the growth of i, which we equate to the interaction term
M;; in a generalized Lotka-Volterra model, Eq (1). The width and opacity of an arrow are proportional to |M;], and
positive interactions (M;; > 0) are green while inhibitory interactions (Mj; < 0) are red. M;; was fit in [11] using
experimental mouse data from [12]. To reduce dimensionality, bacterial species of the same genus are consolidated
into one population; the exception is C. difficile (CD), which is a single bacterial species. CD, the culprit behind C.
difficile infection (CDI), is colored red and located in the center of the food web.

https://doi.org/10.1371/journal.pchi.1006001.9001

Simulations are run in Python with the scipy package and the scipy.integrate.
odeint function, which uses ordinary differential equation solver 1soda from odepack,
written in FORTRAN. This solver adaptively switches between stiff and non-stiff solvers, and
simulations are run with an absolute tolerance of 107'%. The code used to generate the figures
in this paper is freely available at https://github.com/erijones/simulated_CDI_with_gLV.

Simulated microbial transplants

Clinically, an external microbial transplant seeks to rejuvenate an unhealthy microbiome by
infusing “healthy” microbes into the unhealthy patient. The infused samples typically consist
of probiotics or a microbiome (often fecal) sample from a healthy subject [20]. Microbial
transplants can confer attributes (e.g. obesity) from the donor to the donee [21], so in some
sense a microbiome transplant is seeking to confer CD-colonization resistance from a CD-resil-
ient donor to a CD-susceptible donee. Since antibiotics tend to be ineffective in treating CDI
and additionally can facilitate the growth of drug-resistant mutant strains of CD by providing
them with a selective advantage, fecal transplants are becoming an increasingly popular CDI
treatment [15].
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In our implementation we simulate transplants made of CD-resilient initial conditions, and
demonstrate how these treatments can guide the system into a desired (i.e. noninfective)
steady state. We model the administration of a transplant of some external microbial source v
at time ¢ as

dx(t)

—5 =@ vt —1), (2)

where f(x) entirely encapsulates the right-hand sides of the gLV equations of Eq (1) in vector
form and &(¢) is the Dirac delta function, which will serve to instantaneously add the transplant
v to the microbial community x at time .

Sporulation

Under environmental pressures CD can sporulate, entering a defensive state of dormant
spores that maintain the genetic information of CD while functioning at a fraction of the vege-
tative cell’s metabolism. These spores are resilient to antibiotics, and CD sporulation may be
induced by environmental stressors such as heat [22] and alcohol [16]. While the entire gamut
of environmental conditions that induce sporulation is not yet known [23], there is some evi-
dence that in murine models antibiotics may induce sporulation [15]. The toxin-producing
types of CD prevalent in nosocomial infections are notoriously difficult to kill, and their resil-
ience has in part been attributed to sporulation [15].

Mathematically, sporulation can be modeled by creating a population of spores that,
through conversion of active CD, grows when environmental conditions are harsh and
declines when conditions are mild. This implementation is inspired by the treatment of
latently infected T-cells in SIR models of HIV, in which the latently infected T-cells effectively
hide from the immune response in the same way that the inert spore cells are uneffected by the
presence of antibiotics and other microbes [24]. To capture sporulation, we augment the basic
model Eq (1) by introducing a spore compartment s() so that the populations of the original
gLV model become

%xi(t) = x,(t) (tui + Zj:Mij'x/’(t) +¢ u(t)> )

%xc(t) — x(1) <MC+ ]ZMcjxj(t) +£Cu(t)> +Bs(t)[u(t) <uy,), and )

Ss) = ax Olult) 2 uy) — Bu(t) < uy,]

where the terms in square brackets should be interpreted as conditional statements that return
1 if true and 0 if false.

In Eq (3), we assume that the background microbes (which we define as the bacteria that
are not CD) are uneffected by the presence of the inert spores. In the presence of antibiotics
bacterial growth often acts as a step function, growing or not growing if the antibiotic concen-
tration is lower or higher than the bacteria’s minimum inhibitory concentration (MIC) [25].
We similarly model the inflow and outflow of spores as a step function, where sporulation or
germination occurs if the antibiotic concentration is larger or smaller than some threshold
Ugpor- Since the spores are robust, we assume they have no death rate. We assume that some
proportion ¢ of the CD normally killed by antibiotics are converted to spores, so there is no
explicit & term in the CD growth term, and as a consequence of this we require & < £.u(t). The
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experimental methods used to measure CD sporulation are not yet standardized, so there is no
clear consensus on the rate of CD sporulation [22]; therefore, the sporulation parameters o, 3,
and ug,, must be considered in a qualitative fashion.

Mutation

The final augmentation we add to the gLV model is antibiotic-resistant mutation, which is cul-
pable for many of the difficulties in treating CDI [26]. Existing antibiotic resistance models for
both within-host [27] and between-host [28] versions of antibiotic-resistance typically only
consider isolated bacterial systems which include only the native and mutant strains of a single
bacterial species. Since we consider mutation in the gLV framework, in this paper we are able
to probe the more realistic scenario of mutation occurring within a complex microbial
community.

We modify the standard gLV model in Eq (1) to include terms that allow for mutation of
CD into an antibiotic-resistant mutant strain of CD, denoted x,,,(t), so that the microbial
dynamics are described by

%xi(t) = xi(t) <:ui + zj:Mijxj(t) + 8iu(t)> )

%xf(t) = x,(t) (,uc + ZMcjxj(t) + gcu(t)> —kx(t), and (4)

%xm(t) =x, (1) (,um + ZMmjxj(t)> + kx,(1).

In addition to the standard gLV pairwise interactions, the background microbes x; of Eq (4)
now interact with the CD mutant x,,, via the M,,,, term. Following existing mutation models
[28], we (1) group all potential antibiotic-resistant mutations into the one mutant population
X, and (2) neglect the possibility of mutation from a mutant strain x,, back to the native strain
x.. Furthermore, we assume that the mutations are fully resistant to antibiotics and so we omit
the g,,, term in Eq (4). While other candidate models for antibiotic-resistant mutation exist
and have been examined [29], here we focus on embedding this particular implementation of
single-strain mutation into the gLV framework; other types of mutation models may be imple-
mented in a similar way.

Since we are extrapolating beyond the mouse data collected in [12], it is not surprising that
the mouse microbiome data does not distinguish between native and mutant strains of CD.
Antibiotic resistant strains of CD are already rampant: one survey found that close to half of
tested CD strains were resistant to at least one antibiotic, and about one quarter of tested
strains were resistant to multiple antibiotics [30]. However, since the antibiotic susceptibility
of CD &g, is non-zero, we assume that the administered CD used to inoculate the mice is antibi-
otic-sensitive.

Results
Mapping system behaviors

We first demonstrate the available behaviors of the system described by Eq (1). In Fig 2 we
evolve our system from the nine distinct initial conditions experimentally measured by Stein
et al. [11] for one particular treatment scenario, in which all initial conditions are initially

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006001 February 16, 2018 7/24


https://doi.org/10.1371/journal.pcbi.1006001

©'PLOS

COMPUTATIONAL

BIOLOGY

In silico analysis of antibiotic-induced C. difficile infection

=== Barnesiella messs - Akkermansia
mmssm undefined genus of Lachnospiraceae mwsss Coprobacillus
== unclassified Lachnospiraceae mewsss undefined genus of Enterobacteriaceae
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(a) Experimentally measured initial conditions

1 2 3 4 5 6 7 8 9
initial state

(b) State after simulated treatment

1012

_ =
o O
SN

microbe count

—_
(e}
e

1 2 3 4 5 6 7 8 9
steady state

Fig 2. Diverse initial conditions respond similarly for a simulated treatment. Microbiome compositions are
simulated forward in time from experimentally determined and diverse initial conditions (a), but all initial conditions
eventually equilibrate to only two steady states (b) for this particular treatment scenario. Initial conditions are
experimentally measured microbiome compositions from mice [12] and are time evolved according to the generalized
Lotka-Volterra model, Eq (1), with parameters fit in [11]. In this simulated scenario, the system is administered 1 dose
of antibiotic on day 0 and inoculated with the infectious CD (colored red) on day 10.

https://doi.org/10.1371/journal.pcbi.1006001.9002

treated with antibiotics and later inoculated with CD. All but one of these initial conditions are
free of CD, and the remaining initial condition (IC 8) has a trace amount of CD. Despite the
diverse composition of the initial conditions, under this treatment scenario the simulated tra-
jectories evolve into only two steady states.

Then, in Fig 3 we apply four different treatment scenarios to one initial condition and iden-
tify three different reachable steady states, indicating that the initial conditions can be sensitive
to which treatment scenario is applied. In this paper, within a single simulation microbe
counts can vary by more than two orders of magnitude. For clarity, in our figures we plot the
total microbe count on a log scale (where the total microbe count is the sum of all of the
microbes in each microbial population), and then at each time we linearly color each microbial
population according to its proportion at that time, so that at a given time regions of equal size
correspond to equal microbe counts. The treatment scenarios that result in Fig 3 mirror the
experimental mouse treatments [12] and include a control, high dosing with antibiotic (the
inset of Fig 3b depicts the initial microbial response to antibiotics), low dosing with antibiotic
followed by inoculation with CD, and high dosing with antibiotic followed by inoculation with
CD. While the log scaling disguises changes in total microbe count between the different
steady states, the steady state of Fig 3a contains seven times as many microbes as the depleted
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Fig 3. External intervention can alter the steady state a given initial condition achieves. All panels originate from
the same initial condition, but different panels correspond to different interventions: (a) no interventions occur; (b)
one dose of antibiotic is administered at day 0 (inset: the microbial dynamics during the first 5 days, in response to the
one-day administration of antibiotics); (c) half of a dose of antibiotic is administered at day 0, and then at day 10 the
system is inoculated with CD; (d) one dose of antibiotic is administered at day 0, and then at day 10 the system is
inoculated with CD. The growth of C. difficile (colored red) is encouraged by antibiotic treatment, since the antibiotics
deplete the other microbes to a level at which C. difficile gains a foothold.

https://doi.org/10.1371/journal.pchi.1006001.9003

(in microbe count) steady state of Fig 3b, and contains more than twice as many microbes as
the infected steady state of Fig 3d (for details on steady state compositions refer to Table B of
S1 Appendix). This figure elucidates the mechanism for CDI: antibiotic-induced microbiome
depletion followed by opportunistic CD colonization.

Taken together the complementary results of Figs 2 and 3 indicate that (1) for a given treat-
ment scenario there are a limited number of achievable steady states across all initial condi-
tions, and (2) for a given initial condition there are a variety of steady states that may be
achieved across different treatment scenarios. Since the model was fit with data collected over
a 30 day period but the obtained steady states are often slow to equilibrate (e.g. around 100
days in Fig 3), we should proceed with caution when extrapolating the model [31]. However,
since the collected experimental data [12] roughly equilibrates by day 30, and because experi-
mental validation on longer time scales is difficult to obtain, we follow convention [32] and
study long-term system behavior through steady state analyses.
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In the four weeks before the mouse experiment the mice were identically housed and fed,
and during the experiment the microbial compositions of mice in the control group were
approximately constant over time [12]. Hence, what we consider “initial conditions” may also
be interpreted as steady states compositions of the mice before any external intervention.
However, the gLV model Eq (1) does not capture these initial conditions as steady states. Over
the course of the 13-day control group experiment the measured bacterial abundances main-
tained a relatively stable composition, with the 7 or 8 colonized bacteria varying by less than
an order of magnitude over the course of the experiment. However, the model Eq (1) predicts
that the same control group initial conditions (ICs 2, 5, and 8) will tend towards a simpler
steady state that consists of only 3 bacteria.

This inconsistency demonstrates two limitations of the gLV model: the paucity of steady
states, and the likelihood of their stability. For a generalized Lotka-Volterra system of N species
there are 2" steady states, each corresponding to a different subset of bacteria— hence, there is
just one steady state that consists exclusively of the 7 overlapping bacteria of the control group.
Since there is variation between the control experiments, there can be no steady state that
would simultaneously and precisely fit all three control trials. Furthermore, even if this steady
state were relatively accurate for each trial it is unlikely that it would be stable: Stein et al. [11]
found that 98% of the steady states of this system were unstable. Despite the fact that unper-
turbed initial conditions are not stable steady states, other qualitative features of the model
(including antibiotic-induced depletion of the microbiome and opportunistic CDI) indicate
the model’s utility in modeling CDI.

To summarize the available system dynamics, we construct the phase diagrams in Fig 4 by
systematically sweeping through treatment scenarios for each initial condition; specifically, we
vary the concentration of antibiotic treatment and whether the system is exposed to a small
amount of CD.

Though we simulate nine initial conditions (ICs), the phase diagrams for some initial
conditions are redundant. We classify the phase diagrams of Fig 4 as (a) CD-susceptible, ICs
which become infected upon exposure by CD regardless of antibiotic usage; (b) CD-resilient,
ICs which are not infected by CD regardless of antibiotic usage; and (c) CD-fragile, ICs
which switch from CD-resilient to CD-susceptible upon sufficient administration of antibi-
otic (an antibiotic concentration of approximately 0.71). We label the five reachable steady
states A through E, categorize them as CD-infected or CD-uninfected, and plot their
compositions in S1 Fig. Each phase diagram is composed of a number of treatment scenar-
ios; for each treatment scenario, a 1-day pulse of antibiotic with varying antibiotic concen-
tration is administered on day 0, and then a small amount of CD may be administered
on day 10 depending on whether the scenario is with or without CD. For reference, the
experimental antibiotic dose was normalized in [11] to a 1-day pulse of antibiotic concen-
tration 1.

With the phase diagrams of Fig 4, we may now identify the initial condition plotted in Fig 3
as CD-fragile. Furthermore, the steady states of Fig 3a-3d correspond, respectively, to steady
states C, E, C, and D of Fig 4. Notably, IC 8 is CD-resilient despite the fact that the initial con-
dition contains a small amount of CD; in fact, according to the fitted interactions the presence
of CD promotes the growth of microbes that inhabit the uninfected steady state. Therefore, the
isolated presence of CD inhibits colonization of an infected steady state.

One key takeaway from this survey of model behaviors is that there is no a priori obvious
predictor for whether an initial condition will be CD-susceptible, CD-resilient, or CD-fragile,
even with knowledge about the microbial food web. Often, the complex interplay of microbial
interactions can lead to unexpected and even counterintuitive results.
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Fig 4. Phase diagram of reachable steady states from initial conditions. (a) Six initial conditions (ICs) are
susceptible to C. difficile (CD-susceptible), resulting in infected steady state A if inoculated with any amount of CD. (b)
Two initial conditions are CD-resilient and always remain in uninfected steady state C regardless of CD exposure. (c)
One initial condition displays more complex behavior, becoming susceptible to CD only after being treated with a
sufficient dose of antibiotics (CD-fragile). The steady states of the four external interventions of Fig 3 correspond to
different regions of the CD-fragile phase diagram (c). The phase boundaries of Fig 4 are robust to the amount of CD
inoculum (ranging from 10™'% to 1 in nondimensionalized units) as well as to the timing of CD inoculation (ranging
from on day 1 to on day 100). For details, refer to Table A of S1 Appendix.

https://doi.org/10.1371/journal.pcbi.1006001.9004

Invadability of CD

In the numerical phase diagrams of Fig 4 we observe different regimes for different initial con-
ditions, but we can substantiate this phenomenon analytically as well. We label steady state A
in Fig 4 by x}, and similarly label all other steady states. After all antibiotic has been adminis-
tered, we perform a perturbative analysis of the uninfected steady states by introducing a small
amount of CD (notated x,()) to the uninfected steady state x*. This CD will invade the steady
state only if [ x,(1)]
ability of an uninfected steady state x* by the sign of I(x*), defined to be

o > 0. Since the introduced x.() is positive, we may discern the invad-

I(x) = xim [%xc(t)]

Here, we have rearranged Eq (1), removed the antibiotic dependence u(t), consolidated all
the y; and M;; into their respective vector and matrix forms u and M, and consolidated the
individual populations x,(t) into their vector form x(t). Notationally, the subscript ¢ denotes
the value of a vector corresponding to the index of CD. While magnitude of the invadability
|I(x*)| will correspond to the initial rate at which CD will grow or decay, only the sign of I(x*)
is relevant in determining long-term susceptibility or resilience to CD.

In Table 1 we compute and compile this invadability for each of the three uninfected steady
states X}, ¢, and xj,. This table also provides the size of each steady state, where size is

= (u + Mx'(1)),. (5)

x*
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Table 1. Analytic justification for CD-susceptibility. The ability of CD to invade the three uninfected steady states
X}, X;, and x;, depends upon the sign of I(x*) = XLU) [£x.(1)]..: a positive value indicates a CD-susceptiblity, while a

negative value indicates CD-resilience. This result follows from analysis of Eq (1).

steady state interpretation (I(x*)) FGIN
X}, CD-susceptible (0.24) 3.238
X, CD-resilient (-0.86) 24.770
X, CD-susceptible (0.28) 3.546

https://doi.org/10.1371/journal.pcbi.1006001.t001

interpreted as the sum of all the bacterial populations (here written as the 1-norm). These con-
clusions provide analytic justification for why some initial conditions are susceptible to CD
while others are not, and complement the phase diagrams in Fig 4.

CD is predominantly inhibited by the existence of other microbes (mostly, M,; < 0) and so
alarger |x*(#)| will tend to inhibit the growth of CD. Additionally, microbes tend to be inhib-
ited by antibiotics (mostly, £; < 0). Together, these tendencies allude to a mechanism of CDI
whereby antibiotic administration depletes the microbiome and induces CD susceptibility.

While Table 1 indicates that the reachable CD-susceptible steady states are smaller than
CD-resilient steady states, the size of the initial condition had little effect on the overall steady
state profile: growing or shrinking the initial condition sizes only marginally modified the
resulting phase diagrams. Hence, the different steady states are robust to variations in initial
condition size.

Having exhaustively explored the basic behaviorial regimes of Eq (1), we now implement
in-silico two commonly administered real-world medical interventions: fecal microbiome
transplantation and antibiotic administration.

Simulated microbial transplants

Following Eq (2), we choose a microbial transplant v that is derived from a CD-resilient donor
so that v is proportional to the composition of a CD-resilient initial condition, and we choose
the donee microbiome to be the CD-fragile initial condition so that the effects of the transplant
are more apparent. In the simulation we choose the timing of the treatment scenario to match
the clinical counterpart of CDI, in which CD attempts to colonize a microbiome that has been
recently depleted by antibiotics: we administer antibiotics on day 0, inoculate with CD on day
1, and insert a transplant on day d. By categorizing the resultant steady state as CD-infected or
CD-uninfected and sweeping over antibiotic concentrations, relative transplant sizes, and
transplant times, we realize the phase diagram in Fig 5.

Fig 5 demonstrates how a transplant can alter the steady state behavior of a system exposed
to CD. We can bias the initial condition towards a CD-uninfected steady state with a proper
fecal transplant via the mechanism of steady state conversion, wherein a transplant can convert
a state from CD-susceptible to CD-resilient. This result, consistent with clinical practice, sup-
plies a numerical framing for microbial transplants, narrowing the gap between real-world
practice and simulation.

For transplants that are applied after antibiotic administration, this figure indicates that
shorter transplant delays lead to more effective transplants. However, a transplant applied
concurrently with antibiotic administration on day 0 (labeled d = 0 in Fig 5) is less effective
than a transplant applied after antibiotics on day 1. This reflects that antibiotic administration
depletes all microbes, so a transplant on day 1 will be unsullied by antibiotics whereas applying
a transplant on day 0 will lead to the depletion of the aggregate composition.
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Fig 5. Administration of microbial transplants can ward off infected steady states. Starting from the CD-fragile
initial condition, antibiotics of varying antibiotic concentration are administered on day 0, and the system is exposed
to CD on day 1. Then, a “healthy” transplant made up of the CD-resilient initial condition 8 is infused on day d. The
infected region corresponds to infected steady state D, and the uninfected region corresponds to uninfected steady state
E. Note that a transplant on day 0 (dashed line), concurrent with the start of antibiotic administration, is less effective
than a transplant on day 1. A relative transplant size of 1 corresponds to a transplant that has the same size as the initial
condition that the transplant was derived from. The phase boundaries of Fig 5 are robust for small amounts of CD
inoculum (ranging from 10™*° to 10~® in nondimensionalized units), but for larger amounts of CD inoculum (ranging
from 10”7 to 1072) transplants become more effective at all timings, requiring a smaller transplant to overcome a larger
antibiotic dose. For details, refer to Table A of S1 Appendix.

https://doi.org/10.1371/journal.pcbi.1006001.9005

In Fig 6 we examine the effect of transplant timing for a fixed antibiotic concentration
and transplant size. Steady state conversion is most effective immediately after antibiotic
administration, when the depleted microbiome has room to grow. During this time the mal-
leable microbiome is especially responsive to transplants, and introduction of the right collec-
tion of microbes can direct the microbiome towards an infection-free steady state. However,
as indicated in Fig 3, without any transplant the CD-fragile IC will naturally evolve towards a
CD-susceptible steady state: hence, the timing of the transplant is critical, with more immedi-
ate transplants being more effective.

We found that out of the measured ICs, the collection of microbes that best deter CDI are
derived from IC 8. This transplant replenishes the unclassified Lachnospiraceae (colored pur-
ple), which promote constituents of the uninfected steady state while inhibiting Blautia (col-
ored yellow), a key member of the infected steady state. More surprisingly, the existence of CD
in IC 8 amplifies the effect of the transplant— the same transplant but without CD was a func-
tional but substantially less effective treatment, and similarly mediocre results were obtained
with a transplant derived from the other CD-resilient initial condition (IC 2) as displayed in S2
Fig. This result is due to the deleterious and contradictory effect of CD on the CD-infected
steady state. As an aside, note that since IC 8 contains CD, the transplant on day 0 effectively
inoculates the system with CD on day 0 rather than on day 1.

While appropriately derived and implemented transplants are effective at reversing CDI, if
we had mistakenly used a CD-susceptible donor instead, simulation confirms the intuitive
expectation that these results would be flipped. Since these initial conditions are a priori
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Fig 6. Mechanism of steady state conversion. Microbiome compositions are identically dosed with antibiotic on day 0
and inoculated with CD (colored red) on day 1. Transplants of the same size are administered on (a) day 1, leading to a
CD-uninfected steady state, and (b) day 7, leading to a CD-infected steady state. Following the antibiotic-induced
microbiome depletion, the transplant serves to replenish the microbes responsible for the CD-uninfected steady state
(e.g. unclassified Lachnospiraceae, colored purple) while curbing the growth of those responsible for the CD-infected
steady state (e.g. Blautia, colored yellow).

https://doi.org/10.1371/journal.pcbi.1006001.9006

unidentifiable as CD-resilient or CD-susceptible, this prompts a clinically relevant caution of
whether some donor’s microbiome will be beneficial or detrimental to another’s microbiome.

In a recent experimental study by Bulftfie et al. [13] CD-vulnerable mice exposed to CD were
given transplants consisting of a known microbial composition, and the transplant efficacy for
each composition was measured. Our work on simulated transplants, which resembles the
experimental study, provides context and explanation for the mechanism of the experimental
transplants. In conjunction, simulated and experimental transplants could direct the develop-
ment of model-guided and experimentally-validated “designer” transplants.

Simulated antibiotic dosing

Antibiotic administration has traditionally been the standard approach to fight infection,

but antibiotics have struggled to control CD infection: CDI has a recurrence rate of 30-65%
following antibiotic treatment, while fecal transplantation has cure rates upwards of 90% [33].
Nonetheless, the Society for Healthcare Epidemiology of America (SHEA) and the Infectious
Diseases Society of America (IDSA) jointly recommend treating CDI with antibiotics— often
vancomycin— administered in one of three dosing regimens: a constant dosing regimen, a
pulsed dosing regimen, or a tapered dosing regimen [16]. Other studies have found that vanco-
mycin administered in tapered or pulsed doses reduced the likelihood of recurrent infections
of CD, compared with treatment at a constant dosage [34]. Our model, which allows arbitrary
control over the dosing schedule and concentration u(t), provides a computational framework
on which we can compare the efficacy of different dosing schedules: our implementations of
the three dosing regimens are plotted in S3 Fig.
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Fig 7. Different antibiotic treatment regimens influence transient CD dynamics when considering sporulation.
All scenarios start from infected steady state D. Over 10 days, the same volume of “targeted” antibiotic is administered
via a pulsed (a,c) or constant (b,d) dosing regimen. The top panels use the original gLV model Eq (1) while the bottom
panels use the sporulation gLV model Eq (3). For details about the parameters used in this figure, refer to Table A of S1
Appendix.

https://doi.org/10.1371/journal.pcbi.1006001.g007

Over short time scales of 1-2 days we found that given the same total amount of antibiotic,
the rate at which antibiotics were administered (e.g. .5 doses for 2 days vs. 2 doses for.5 days)
did not affect the eventual steady state. Over longer time scales of around 2 weeks, we observed
similar behavior— the model does not capture long-term differences between different dosing
regimens as long as the total amount of administered antibiotic is the same, reflecting that the
time-scale for microbial growth is longer than the period over which antibiotics are typically
administrated.

In modeling the different dosing regimens, we are faced with one main complication: only
one antibiotic, clindamycin, was fit in [11], and furthermore clindamycin was acting to induce
CDI rather than halt it. The antibiotic efficacy parameter £ therefore does not serve as a
realistic proxy for vancomycin or metronidazole, antibiotics which are used to eliminate CD
[34]. To simulate the effect of an antibiotic which eliminates CD, we introduce an artificial
“targeted antibiotic” £, which by construction only inhibits CD; specifically, £, = —1 and
g =0fori#ec.

Even with this targeted antibiotic our model does not capture significant differences
between the treatment regimens, which is contrary to the clinical recommendation that pulsed
or tapered dosing be preferred over constant dosing [16]. In Fig 7a and 7b we administer the
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same amount of targeted antibiotic via constant and pulsed dosing to the CD-infected steady
state and find that the two dosing regimens produce near-identical microbe trajectories (a sim-
ilar result, shown in S4 Fig, was found with tapered dosing). We propose sporulation (which
acts on a much shorter time-scale) as a biologically relevant mechanism that could explain this
inconsistency.

Sporulation

In considering the model for sporulation detailed in Eq (3), the steady state analysis we previ-
ously performed is still relevant since all steady states will eventually be spore-free— we assume
that the antibiotics will eventually cease, so the sporulation term of Eq (3) will eventually decay
exponentially. However, the naive expectation that including sporulation would make CD-
infected steady states more common is incorrect; once again, due to the interactions between
CD and other background microbes (mediated by the interaction matrix M), the presence of
CD encourages growth of the microbes that populate the infection-free steady state, and so
increasing the prevalence of CD through sporulation only entrenches the non-infective steady
state. Since the steady states and phase diagrams are mostly unchanged by the inclusion of
sporulation, we concentrate on the dynamics of CD and CD spores on shorter time scales.

In Fig 7 we compare the effects of the standard gLV model Eq (1) (top panels) and the spor-
ulation model Eq (3) (bottom panels) under constant and pulsed antibiotic dosing regimens.
Here, we use the targeted antibiotic previously described and apply all treatments to the CD-
infected steady state D. Sporulation causes spores to form as antibiotics are administered, and
germinate once the antibiotics cease, which is on display in the pulsed dosing regimen scenario
of Fig 7c. After targeted antibiotic administration CD recovers slightly more quickly with spor-
ulation than without, and we interpret this expedited resurgence as a more robust CDI. For
details about the parameters used in Fig 7, refer to Table A of S1 Appendix.

While many of the in-host dynamics and the biological mechanisms that underlie CD spor-
ulation and germination remain under active investigation, studies have identified that both
spores and vegetative CD colonize and persist in the gut [35], and other studies have discerned
the role of bile acids in promoting spore germination [36]. Our model does not allow for the
long-term establishment of spores because we assume that germination always occurs in the
absence of antibiotics, and we include no mechanism for germination induced by bile acids.
However, more detailed sporulation models (e.g. models that include bile acid-induced germi-
nation) may extend our basic model to build upon the qualitative features of CDI it possesses.

We empbhasize that sporulation is simply a proposed biological mechanism that would
modify the model’s predictions to better match clinical observations, and so these results
should be interpreted in a qualitative manner. However, by including sporulation we regain
(at least for short time scales) the clinically expected result [16] that pulsed dosing is more
effective than constant dosing at eliminating CD— comparing the top panels with the bottom
panels of Fig 7 indicates that a pulsed dosing regimen dramatically reduces the buildup of CD
spores compared to constant dosing.

Mutation

The mechanism of mutation, introduced in Eq (4), introduces new unconstrained parameters
for the mutation rate k as well as for pairwise interactions M,,,, and M,,,;. Here we identify an
intuitive parameter choice that reflects the underlying biology, discuss the resultant steady
states, and then demonstrate the effects of mutation on transient microbe dynamics.
Antibiotic-resistant mutations typically incur a fitness cost in the absence of antibiotics
since resources are being allocated for defense against antibiotics rather than growth [37-39],
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Fig 8. Antibiotic-resistant mutation improves CD resilience to antibiotics in transient dynamics. These
simulations are identical except that (a) uses the original gLV model Eq (1) while (b) uses the mutation gLV model Eq
(4). This scenario starts from the CD-infected steady state D and administers an idealized “targeted” antibiotic (that
only inhibits CD) for 30 days. For details about the parameters and initial conditions used in this figure, refer to
Table A of S1 Appendix.

https://doi.org/10.1371/journal.pcbi.1006001.9008

so we choose y,,, = .9y, < y.. Our choice of M assumes that the background microbes interact
with mutant and native types identically (i.e. M,,,; = M,; and M,,,, = M, for i # ¢, m). In real sys-
tems, the mutation rate k is variable and depends on factors including the concentration of
antibiotic, the type of antibiotic, the native strain type, and other environmental pressures. In
our model we approximate the mutation rate as a constant k = 2 * 107° (in units of 1/day), a
choice which is in the range of measured mutation rates of some bacteria [40], but for our pur-
poses mostly serves to highlight the effects of mutation. For details about the parameters used
in our simulations of the mutation model, refer to Table A of S1 Appendix.

Due to our parameter choices the steady states of the background microbes are largely
unchanged between the mutation model and the basic model (the CD-infected steady states of
the standard and mutation models are explicitly compared in Table B of S1 Appendix), but the
transient dynamics shown in Fig 8 differ. In these plots the same amount of targeted antibiotic
is applied to the same initial state, but Fig 8a uses the standard gLV model Eq (1) while Fig 8b
uses the modified mutant gLV model Eq (4). The targeted antibiotic severely inhibits CD in
the standard gL'V model, but in the mutation model the antibiotic-resistant mutant compen-
sates for the antibiotics and reinforces the colonization of CD despite the antibiotic pressures.

At the scale of a single bacterium experiments now track the growth and decline of individ-
ual lineages of bacteria when confronted with antibiotics [41], and at larger scales experiments
track the spread and fixation of mutations across an entire bacterial community [42]. Since the
gLV model considers populations of bacteria rather than individual cells, the individual line-
ages cannot be resolved. However, our model does capture the tendency of microbes with a
selective advantage to outcompete microbes with lower fitness (in our case, CD mutants out-
compete native CD in the presence of antibiotics), and these simulations resemble the selective
sweeps found in experimental data [42].
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Existing mutation models have studied native and mutant strains of bacteria in isolation,
but by embedding mutation within a gLV framework we can probe the complex behaviors of
mutant strains within a microbial consortia. Accordingly, the wealth of behaviors present in
the simpler mutation models [28] may be observed within the gLV model with mutation Eq
(4). This comprehensive and community-level view is essential in identifying, understanding,
and resolving the role of antibiotic-resistant mutants in disease.

Discussion

Application of framework for experimental explanation, model validation,
and suggestion of model-motivated experiments

A study by Bulffie et al. [13] follows the modeling method of Stein et al. [11] and fits a gLV
model to both mouse and human experimental time-series data in order to predict the growth
of CD following antibiotic administration. In this study they identify the microbes anticorre-
lated with CDI in experimental data as well as the microbes that most inhibit the growth of CD
according to the interaction matrix M of the gLV model. They create and administer trans-
plants made up of a subset of these identified microbes: four transplants consist of individual
microbes in isolation while another consists of a combination of all four microbes.

Bulffie et al. [13] find that of the four transplants made up of isolated microbes only one
microbe is effective at curing CD], despite the fact that the other three microbes were a priori
supposed to inhibit CD. We provide two explanations for their findings, motivated by the results
of our paper: (1) the ability of CD-resilient transplants to confer CD-colonization resistance is
largely variable and depends on the transplant composition (e.g. the variation in transplant effi-
cacies between Fig 5 and S2 Fig), and (2) inhibiting the growth of CD does not necessarily
inhibit CD-infected steady states, since the presence of CD inhibits some of the microbes that
populate the CD-infected steady state. By applying the results of our simulations to microbiome
transplant experiments, we can offer a computational context for experimental results.

Many of the microbes identified by Buffie et al. [13] as potential transplants were of the
genus Clostridium; in fact, the only isolated-microbe transplant that was effective in curing
CDI was Clostridium scindens. If we resolve only to the genus level (as assumed when con-
structing the gLV model in Stein et al. [11]), this experimental result is consistent with our
own transplant simulations in which a transplant made up of the CD-resilient IC 8 was signifi-
cantly more effective with CD than without (Fig 5). Hence, the seemingly contradictory
computational result— that the presence of CD inhibits CD-infected steady states— is vali-
dated by experiment.

Finally, we can formulate experimental questions that are couched in our computational
framework. Our results point to the importance of timing when administering microbial
transplants, an area that is mostly unexplored both experimentally and therapeutically, and
experiments could elucidate how the the timing of transplants effects their efficacy. While Buf-
fie et al. [13] inferred microbial interactions from a gLV model, when predicting the CD-
inhibiting microbes their analysis did not include dynamic simulations; applying our method
of simulated transplants to such experiments could inform the selection of “personalized”
transplants, and the corresponding experiments could then be used to inform the model, the
model’s limitations, and additional experiments.

Unidentifiability of beneficial bacterial communities

In this paper, the principle driver of CDI was whether a given microbial composition was
CD-resilient or CD-susceptible: for example, when administering a fecal transplant, the
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effectiveness of the treatment depended on the properties of the donor’s microbiome. In gen-
eral these properties are unknown a priori, so picking the right donor is a gamble. In clinical
practice, the screening process for potential fecal donors consists primarily of avoiding those
with impaired microbiomes (e.g. due to recent antibiotic therapy) or poor health, with only
about 10% of prospective donors being accepted [43, 44]. While fecal transplantation has been
more successful at curing CDI than traditional antibiotic treatments [45], predictive models
are not currently being implemented to quantitatively select an optimal donor. Eventually, pre-
dictive models could allow for “designer” fecal transplants that are engineered to optimally
confer colonization resistance. Until donor selection methods consist of searching for optimal
donors rather than excluding diseased donors, our model warns that donor selection— even
of seemingly healthy donors— can have unexpected consequences.

Pharmacokinetic and pharmacodynamic approximations

In this paper, we follow Stein et al. [11] and model the pharmacokinetics (the in-host concen-
tration of the antibiotic u(f)) as a pulse. In reality, clindamycin pharmacokinetics are charac-
terized by an initial spike in the in-host antibiotic concentration, after which antibiotics are
cleared from the system (driven by uptake and deterioration of the antibiotic) with a half-life
of approximately 4 hours [46]. However, in our simulations we found that over short durations
(1-14 days) it is the total amount of administered antibiotic that determines the long-term
dynamics of Eq (1) rather than the shape of the dosing regimen u(t) (meaning that administer-
ing.5 doses for 2 days leads to the same outcome as administering 2 doses for.5 days). This
insensitivity to the form of u(¢) justifies our simplified pharmacokinetic form.

Additionally, we model the pharmacodynamics (the microbial response or killing rate due
to antibiotics) as a linear response —¢; u(t), while more realistic models use a saturating Hill
function [47, 48]. However, we only use one antibiotic concentration for each simulation, cor-
responding to one killing rate for each simulation. For any killing rate in the range of the satu-
rating Hill function, one may find an effective antibiotic concentration that achieves this
killing rate via either the linear response or by the saturating Hill function. Since both the lin-
ear response and the saturating Hill function are monotonic, there is a nonlinear scaling for
u(t) between the two response functions, meaning that our results— acquired with the linear
response function— may be extended to a model that uses a saturating Hill function as long as
the antibiotic scaling is observed (e.g. for the phase diagram of Fig 5, stretch the antibiotic
axis). Since a linear antibiotic response qualitatively captures the same long-term dynamics
that a saturating Hill function would, we are justified in using a simplified pharmacodynamic
model.

Limitations of the gLV model

The gLV model idealizes interspecies interaction, and this simplification imposes limitations
on our framework. The gLV model does not explicitly model why populations grow or decay
(due to the underlying resource excesses or limitations) [49], and populations are assumed to
respond instantly to changes in other populations, failing to account for the time required to
respond to change [50]. The number of parameters required for a gLV model scales as N” for
N species, and even with high-throughput sequencing, the number of data points per parame-
ter is still low (e.g. roughly 5 data points per parameter in [11]). Despite these drawbacks, gLV
models are commonly implemented to describe microbial growth [14] since they are predic-
tive, manipulable, and often capture the qualitative characteristics of microbial consortia. Our
framework attempts to resolve some of these limitations by treating the gLV model as a base

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006001 February 16, 2018 19/24


https://doi.org/10.1371/journal.pcbi.1006001

.@' PLOS COMPUTATIONAL
2 : BIOLOGY In silico analysis of antibiotic-induced C. difficile infection

model, then offering extensions to the model that incorporate nongeneric and mechanistic fea-
tures in order to more accurately portray microbial growth.

Analytic concerns of parameter fitting

There are many techniques that fit parameters to data [51, 52], but it is difficult to know that
these fitted parameters are indeed the true parameters. Stein ef al. [11] fit the parameters used
in this paper with regularized linear regression with a Tikhonov regularization, but other fit-
ting methods exist, such as LIMITs [53], a software specifically designed for fitting microbial
time-series data to a gLV model. Analytically, there are sufficient conditions on the model
parameters that ensure the Lyapunov stability of fixed points of generalized Lotka-Volterra
systems [9], but the fitted parameter values in this paper do not satisfy all of these conditions.
Leveraging fitting methods to simultaneously fit parameters to data while maintaining the
analytic properties that ensure stability would alleviate the potential for non-biological diver-
gences in microbe count (divergences which are not impossible in the given system since M
has a single positive eigenvalue). Regardless of this possibility, no unstable behavior was
observed in any of the simulations run for this paper, perhaps due to the relatively few symbi-
otic relationships.

Combining gLV and SIR techniques

In this paper we fuse standard SIR techniques with the gLV model, thereby introducing spe-
cific mechanisms for sporulation and mutation. In this way, our framework allows for non-
generic attributes of populations to be captured and simulated, and the resulting analyses pro-
vide qualitative insights into different mechanisms. Effectively, this allows for the entire family
of SIR methods to be used in conjunction with the gLV model.

Conclusion

As the era of personalized medicine approaches, there is a growing need for accurate computa-
tional models that reflect human biology and can predict the progress of disease. This pursuit
will be aided by the availability of “big data” in medicine, but this data needs to be harnessed in
a useful way. This paper addresses initial steps in developing these computation models by
constructing a framework at the interface between computational models and clinical thera-
pies. This modular framework allows for “plug-and-play” implementations of clinical tech-
niques and observed phenomena: in this paper, we implement fecal transplant therapy,
antibiotic treatment regimens, sporulation, and mutation.

Our in-silico implementations of clinical treatments were mostly congruent with the actual
clinical realizations— there exist initial conditions that become susceptible to CD after expo-
sure to antibiotics; administration of a fecal transplant can halt CDI; and (once sporulation is
included) pulsed dosing is more effective at eliminating CD than constant dosing, though fecal
transplants are more effective than antibiotic administration in the long run. Introducing
mechanisms for antibiotic-resistant mutations and sporulation strengthens the resilience of
CD to remedial treatments. In all, this framework captures the intention and qualitatively the
results of real-world clinical techniques.

There are many avenues stemming from this framework that may be explored in the future,
including research into “designer transplants” or of bile acid-mediated germination of CD
spores. Eventually this framework could be used to suggest clinical practices, but first more
experiments, better data, and novel modeling are needed. As we recognize the advancement of
gene sequencing in the past few years, it is not inconceivable that user-specific personalized
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medicine programs, built upon mathematical models of human health, will be accessible in the
future.

Supporting information

S1 Fig. Microbial composition of reachable steady states. Under the gLV model Eq (1) and
for all experimentally measured initial conditions, all treatment scenarios tested in this paper
result in one of the steady states A-E. To find which steady state a given treatment scenario
causes, refer to Fig 4. Note that while steady states A and D appear indistinguishable in this
plot, their compositions do vary slightly. The microbial compositions of each steady state are
explicitly given in Table B of S1 Appendix.

(TIF)

S2 Fig. Different CD-resilient initial conditions have different transplant efficacies. Start-
ing from the CD-fragile initial condition, antibiotics of varying antibiotic concentration are
administered on day 0, and the system is exposed to CD on day 1. Then, a transplant made up
of the CD-resilient initial condition 2, to contrast Fig 5 which used IC 8, is infused on day d.
Note that for a transplant from this donor IC 2 to be effective, the relative transplant size needs
to be much greater than when using IC 8. The infected region corresponds to infected steady
state D, and the uninfected region corresponds to uninfected steady state E. A relative trans-
plant size of 1 corresponds to a transplant that has the same size as the initial condition that
the transplant was derived from.

(TTF)

S$3 Fig. Antibiotic dosing regimens. We consider three types of antibiotic treatment u(t),
displayed here, in the gLV model Eq (1). These dosing regimens— constant, tapered, and
pulsed— are common in clinical practice. In this example, 2 doses are administered over 10
days.

(TIF)

S4 Fig. Tapered and constant antibiotic treatment regimens produce qualitatively similar
microbial trajectories. Both scenarios start from infected steady state D. Over 10 days, the
same volume of “targeted” antibiotic is administered via a tapered (a) or constant (b) dosing
regimen, with microbial trajectories evolving according to the original gLV model Eq (1). The
parameters used in this figure are the same as in Fig 7a and 7b.

(TIF)

S1 Appendix. Supplementary tables. Parameter values used for simulations (Table A) and
microbial compositions of initial conditions and steady states (Table B).
(PDF)

Author Contributions

Conceptualization: Eric W. Jones, Jean M. Carlson.
Formal analysis: Eric W. Jones.

Funding acquisition: Eric W. Jones, Jean M. Carlson.
Investigation: Eric W. Jones.

Software: Eric W. Jones.

Supervision: Jean M. Carlson.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006001 February 16, 2018 21/24


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006001.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006001.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006001.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006001.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006001.s005
https://doi.org/10.1371/journal.pcbi.1006001

©-PLOS | sotoer o

In silico analysis of antibiotic-induced C. difficile infection

Visualization: Eric W. Jones.

Writing - original draft: Eric W. Jones.

Writing - review & editing: Eric W. Jones, Jean M. Carlson.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Round JL, Mazmanian SK. The gut microbiome shapes intestinal immune responses during health and
disease. Nat Rev Immunol. 2009; 9(5):313-323. https://doi.org/10.1038/nri2515 PMID: 19343057

Britton RA, Young VB. Interaction between the intestinal microbiota and host in Clostridium difficile colo-
nization resistance. Trends Microbiol. 2012; 20(7):313-319. https://doi.org/10.1016/}.tim.2012.04.001
PMID: 22595318

McKenney P, Pamer E. From Hype to Hope: The Gut Microbiota in Enteric Infectious Disease. Cell.
2015; 163(6):1326—1332. http://dx.doi.org/10.1016/j.cell.2015.11.032. PMID: 26638069

Cho |, Blaser MJ. The human microbiome: at the interface of health and disease. Nat Rev Genet. 2012;
13(4):260-270. https:/doi.org/10.1038/nrg3182 PMID: 22411464

Theriot CM, Young VB. Interactions Between the Gastrointestinal Microbiome and Clostridium difficile.
Annu Rev Microbiol. 2015; 69:445-461. https://doi.org/10.1146/annurev-micro-091014-104115 PMID:
26488281

Schubert AM, Rogers MAM, Ring C, Mogle J, Petrosino JP, Young VB, et al. Microbiome Data Distin-
guish Patients with Clostridium difficile Infection and Non-C. difficile-Associated Diarrhea from Healthy
Controls. mBio. 2014; 5(3):e01021-14. https://doi.org/10.1128/mBio.01021-14 PMID: 24803517

Kircher M, Kelso J. High-throughput DNA sequencing—concepts and limitations. BioEssays. 2010; 32
(6):524-536. https://doi.org/10.1002/bies.200900181 PMID: 20486139

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335-336. https://doi.
org/10.1038/nmeth.f.303 PMID: 20383131

Takeuchi Y. Global Dynamical Properties of Lotka-Volterra Systems. World Scientific; 1996. Available
from: https://books.google.com/books?id=HMvdmO8aSycC.

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human
gut microbiome. Nature. 2011; 473(7346):174—180. https://doi.org/10.1038/nature09944 PMID:
21508958

Stein RR, Bucci V, Toussaint NC, Buffie CG, Ratsch G, Pamer EG, et al. Ecological Modeling from
Time-Series Inference: Insight into Dynamics and Stability of Intestinal Microbiota. PLoS Comput Biol.
2013; 9(12):1-11. https://doi.org/10.1371/journal.pcbi. 1003388

Buffie CG, Jarchum |, Equinda M, Lipuma L, Gobourne A, Viale A, et al. Profound Alterations of Intesti-
nal Microbiota following a Single Dose of Clindamycin Results in Sustained Susceptibility to Clostridium
difficile-Induced Colitis. Infect Immun. 2012; 80(1):62—73. https://doi.org/10.1128/IA1.05496-11 PMID:
22006564

Buffie CG, Bucci V, Stein RR, McKenney PT, Ling L, Gobourne A, et al. Precision microbiome restora-
tion of bile acid-mediated resistance to Clostridium difficile. Nature. 2015; 517(7533):205-208. https://
doi.org/10.1038/nature13828 PMID: 25337874

Bucci V, Xavier JB. Towards Predictive Models of the Human Gut Microbiome. Journal of Molecular
Biology. 2014; 426(23):3907-3916. https://doi.org/10.1016/j.jmb.2014.03.017 PMID: 24727124

Rineh A, Kelso MJ, Vatansever F, Tegos GP, Hamblin MR. Clostridium difficile infection: molecular
pathogenesis and novel therapeutics. Expert Rev Anti Infect Ther. 2014; 12(1):131-150. https://doi.org/
10.1586/14787210.2014.866515 PMID: 24410618

Cohen S, Gerding D, Johnson S, Kelly C, Loo V, McDonald Lx, et al. Clinical Practice Guidelines for
Clostridium difficile Infection in Adults: 2010 Update by the Society for Healthcare Epidemiology of
America (SHEA) and the Infectious Diseases Society of America (IDSA). Infection Control and Hospital
Epidemiology. 2010; 31(5):431-455. https://doi.org/10.1086/651706 PMID: 20307191

Nguyen TLA, Vieira-Silva S, Liston A, Raes J. How informative is the mouse for human gut microbiota
research? Disease Models and Mechanisms. 2015; 8(1):1-16. https://doi.org/10.1242/dmm.017400
PMID: 25561744

Muegge BD, Kuczynski J, Knights D, Clemente JC, Gonzalez A, Fontana L, et al. Diet drives conver-
gence in gut microbiome functions across mammalian phylogeny and within humans. Science. 2011;
332(6032):970-974. https://doi.org/10.1126/science.1198719 PMID: 21596990

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006001 February 16, 2018 22/24


https://doi.org/10.1038/nri2515
http://www.ncbi.nlm.nih.gov/pubmed/19343057
https://doi.org/10.1016/j.tim.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22595318
http://dx.doi.org/10.1016/j.cell.2015.11.032
http://www.ncbi.nlm.nih.gov/pubmed/26638069
https://doi.org/10.1038/nrg3182
http://www.ncbi.nlm.nih.gov/pubmed/22411464
https://doi.org/10.1146/annurev-micro-091014-104115
http://www.ncbi.nlm.nih.gov/pubmed/26488281
https://doi.org/10.1128/mBio.01021-14
http://www.ncbi.nlm.nih.gov/pubmed/24803517
https://doi.org/10.1002/bies.200900181
http://www.ncbi.nlm.nih.gov/pubmed/20486139
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://books.google.com/books?id=HMvdmO8aSycC
https://doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.1371/journal.pcbi.1003388
https://doi.org/10.1128/IAI.05496-11
http://www.ncbi.nlm.nih.gov/pubmed/22006564
https://doi.org/10.1038/nature13828
https://doi.org/10.1038/nature13828
http://www.ncbi.nlm.nih.gov/pubmed/25337874
https://doi.org/10.1016/j.jmb.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24727124
https://doi.org/10.1586/14787210.2014.866515
https://doi.org/10.1586/14787210.2014.866515
http://www.ncbi.nlm.nih.gov/pubmed/24410618
https://doi.org/10.1086/651706
http://www.ncbi.nlm.nih.gov/pubmed/20307191
https://doi.org/10.1242/dmm.017400
http://www.ncbi.nlm.nih.gov/pubmed/25561744
https://doi.org/10.1126/science.1198719
http://www.ncbi.nlm.nih.gov/pubmed/21596990
https://doi.org/10.1371/journal.pcbi.1006001

©-PLOS | sotoer o

In silico analysis of antibiotic-induced C. difficile infection

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lehman C, Tilman David. Biodiversity, Stability, and Productivity in Competitive Communities. The
American Naturalist. 2000; 156(5):534-552. https://doi.org/10.1086/303402

Hemarajata P, Versalovic J. Effects of probiotics on gut microbiota: mechanisms of intestinal immuno-
modulation and neuromodulation. Therap Adv Gastroenterol. 2013; 6(1):39-51. https://doi.org/10.
1177/1756283X12459294 PMID: 23320049

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature. 2006; 444(7122):1027—-131. https://doi.
org/10.1038/nature05414 PMID: 17183312

Burns DA, Minton NP. Sporulation studies in Clostridium difficile. Journal of Microbiological Methods.
2011; 87(2):133-138. https://doi.org/10.1016/j.mimet.2011.07.017 PMID: 21864584

Abt MC, McKenney PT, Pamer EG. Clostridium difficile colitis: pathogenesis and host defence. Nat Rev
Micro. 2016; 14(10):609—620. https://doi.org/10.1038/nrmicro.2016.108

Perelson AS, Nelson PW. Mathematical Analysis of HIV-I: Dynamics in Vivo. SIAM Review. 1999; 41
(1):3—44. https://doi.org/10.1137/S0036144598335107

Deris JB, Kim M, Zhang Z, Okano H, Hermsen R, Groisman A, et al. The innate growth bistability and fit-
ness landscapes of antibiotic resistant bacteria. Science. 2013; 342(6162):1237435—-1237435. https:/
doi.org/10.1126/science.1237435 PMID: 24288338

Spigaglia P. Recent advances in the understanding of antibiotic resistance in Clostridium difficile infec-
tion. Ther Adv Infect Dis. 2016; 3(1):23—42. https://doi.org/10.1177/2049936115622891 PMID:
26862400

Ibargiien-Mondragdn E, Mosquera S, Cerén M, Burbano-Rosero EM, Hidalgo-Bonilla SP, Esteva L,
et al. Mathematical modeling on bacterial resistance to multiple antibiotics caused by spontaneous
mutations. Biosystems. 2014; 117:60-67. https://doi.org/10.1016/j.biosystems.2014.01.005 PMID:
24467935

Spicknall IH, Foxman B, Marrs CF, Eisenberg JNS. A Modeling Framework for the Evolution and
Spread of Antibiotic Resistance: Literature Review and Model Categorization. Am J Epidemiol. 2013;
178(4):508-520. https://doi.org/10.1093/aje/kwt017 PMID: 23660797

Opatowski L, Guillemot D, Boélle PY, Temime L. Contribution of mathematical modeling to the fight
against bacterial antibiotic resistance. Current Opinion in Infectious Diseases. 2011; 24(3). https://doi.
org/10.1097/QC0.0b013e3283462362 PMID: 21467930

Spigaglia P, Barbanti F, Mastrantonio P, Ackermann G, Balmelli C, et al. Multidrug resistance in Euro-
pean Clostridium difficile clinical isolates. Journal of Antimicrobial Chemotherapy. 2011; 66(10):2227.
https://doi.org/10.1093/jac/dkr292 PMID: 21771851

Jones E, Roemer P, Raghupathi M, Pankavich S. Analysis and Simulation of the Three-Component
Model of HIV Dynamics. SIAM Undergraduate Research Online. 2013;.

Edelstein-Keshet L. Mathematical Models in Biology. Philadelphia, PA, USA: Society for Industrial and
Applied Mathematics; 2005.

Brandt LJ, Aroniadis OC, Mellow M, Kanatzar A, Kelly C, Park T, et al. Long-Term Follow-Up of Colono-
scopic Fecal Microbiota Transplant for Recurrent Clostridium difficile Infection. Am J Gastroenterol.
2012; 107(7):1079-1087. https://doi.org/10.1038/ajg.2012.60 PMID: 22450732

McFarland LV, ElImer GW, Surawicz CM. Breaking the cycle: treatment strategies for 163 cases of
recurrent Clostridium difficile disease. Am J Gastroenterol. 2002; 97(7):1769-1775. https://doi.org/10.
1111/j.1572-0241.2002.05839.x PMID: 12135033

Koenigsknecht MJ, Theriot CM, Bergin IL, Schumacher CA, Schloss PD, Young VB. Dynamics and
Establishment of Clostridium difficile Infection in the Murine Gastrointestinal Tract. Infect Immun. 2015;
83(3):934-941. https://doi.org/10.1128/IA1.02768-14 PMID: 25534943

Gil F, Lagos-Moraga S, Calderén-Romero P, Pizarro-Guajardo M, Paredes-Sabja D. Updates on Clos-
tridium difficile spore biology. Anaerobe. 2017; 45(Supplement C):3-9. https://doi.org/10.1016/j.
anaerobe.2017.02.018 PMID: 28254263

Andersson DI, Levin BR. The biological cost of antibiotic resistance. Current Opinion in Microbiology.
1999; 2(5):489-493. https://doi.org/10.1016/S1369-5274(99)00005-3 PMID: 10508723

Melnyk AH, Wong A, Kassen R. The fithess costs of antibiotic resistance mutations. Evolutionary Appli-
cations. 2015; 8(3):273-283. https://doi.org/10.1111/eva.12196 PMID: 25861385

Andersson DI, Hughes D. Antibiotic resistance and its cost: is it possible to reverse resistance? Nat Rev
Micro. 2010; 8(4):260-271.

Martinez JL, Baquero F. Mutation Frequencies and Antibiotic Resistance. Antimicrob Agents Che-
mother. 2000; 44(7):1771-1777. https://doi.org/10.1128/AAC.44.7.1771-1777.2000 PMID: 10858329

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006001 February 16, 2018 23/24


https://doi.org/10.1086/303402
https://doi.org/10.1177/1756283X12459294
https://doi.org/10.1177/1756283X12459294
http://www.ncbi.nlm.nih.gov/pubmed/23320049
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
https://doi.org/10.1016/j.mimet.2011.07.017
http://www.ncbi.nlm.nih.gov/pubmed/21864584
https://doi.org/10.1038/nrmicro.2016.108
https://doi.org/10.1137/S0036144598335107
https://doi.org/10.1126/science.1237435
https://doi.org/10.1126/science.1237435
http://www.ncbi.nlm.nih.gov/pubmed/24288338
https://doi.org/10.1177/2049936115622891
http://www.ncbi.nlm.nih.gov/pubmed/26862400
https://doi.org/10.1016/j.biosystems.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24467935
https://doi.org/10.1093/aje/kwt017
http://www.ncbi.nlm.nih.gov/pubmed/23660797
https://doi.org/10.1097/QCO.0b013e3283462362
https://doi.org/10.1097/QCO.0b013e3283462362
http://www.ncbi.nlm.nih.gov/pubmed/21467930
https://doi.org/10.1093/jac/dkr292
http://www.ncbi.nlm.nih.gov/pubmed/21771851
https://doi.org/10.1038/ajg.2012.60
http://www.ncbi.nlm.nih.gov/pubmed/22450732
https://doi.org/10.1111/j.1572-0241.2002.05839.x
https://doi.org/10.1111/j.1572-0241.2002.05839.x
http://www.ncbi.nlm.nih.gov/pubmed/12135033
https://doi.org/10.1128/IAI.02768-14
http://www.ncbi.nlm.nih.gov/pubmed/25534943
https://doi.org/10.1016/j.anaerobe.2017.02.018
https://doi.org/10.1016/j.anaerobe.2017.02.018
http://www.ncbi.nlm.nih.gov/pubmed/28254263
https://doi.org/10.1016/S1369-5274(99)00005-3
http://www.ncbi.nlm.nih.gov/pubmed/10508723
https://doi.org/10.1111/eva.12196
http://www.ncbi.nlm.nih.gov/pubmed/25861385
https://doi.org/10.1128/AAC.44.7.1771-1777.2000
http://www.ncbi.nlm.nih.gov/pubmed/10858329
https://doi.org/10.1371/journal.pcbi.1006001

©-PLOS | sotoer o

In silico analysis of antibiotic-induced C. difficile infection

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

Wakamoto Y, Dhar N, Chait R, Schneider K, Signorino-Gelo F, Leibler S, et al. Dynamic Persistence of
Antibiotic-Stressed Mycobacteria. Science. 2013; 339(6115):91-95. https://doi.org/10.1126/science.
1229858 PMID: 23288538

Lang GlI, Rice DP, Hickman MJ, Sodergren E, Weinstock GM, Botstein D, et al. Pervasive Genetic
Hitchhiking and Clonal Interference in 40 Evolving Yeast Populations. Nature. 2013; 500(7464):571—
574. https://doi.org/10.1038/nature12344 PMID: 23873039

Bakken JS, Borody T, Brandt LJ, Brill JV, Demarco DC, Franzos MA, et al. Treating Clostridium difficile
Infection with Fecal Microbiota Transplantation. Clin Gastroenterol Hepatol. 2011; 9(12):1044—1049.
https://doi.org/10.1016/j.cgh.2011.08.014 PMID: 21871249

Barnes D, Park KT. Donor Considerations in Fecal Microbiota Transplantation. Current Gastroenterol-
ogy Reports. 2017; 19(3):10. https://doi.org/10.1007/s11894-017-0548-y PMID: 28289858

Borody TJ, Paramsothy S, Agrawal G. Fecal Microbiota Transplantation: Indications, Methods, Evi-
dence, and Future Directions. Curr Gastroenterol Rep. 2013; 15(8):337. https://doi.org/10.1007/
$11894-013-0337-1 PMID: 23852569

Batzias GC, Delis GA, Athanasiou LV. Clindamycin bioavailability and pharmacokinetics following oral
administration of clindamycin hydrochloride capsules in dogs. The Veterinary Journal. 2005; 170
(3):339-345. https://doi.org/10.1016/].tvjl.2004.06.007 PMID: 16266847

Klepser ME, Banevicius MA, Quintiliani R, Nightingale CH. Characterization of bactericidal activity of
clindamycin against Bacteroides fragilis via kill curve methods. Antimicrobial agents and chemotherapy.
1996; 40(8):1941-1944. PMID: 8843310

Regoes RR, Wiuff C, Zappala RM, Garner KN, Baquero F, Levin BR. Pharmacodynamic Functions: a
Multiparameter Approach to the Design of Antibiotic Treatment Regimens. Antimicrob Agents Che-
mother. 2004; 48(10):3670-3676. https://doi.org/10.1128/AAC.48.10.3670-3676.2004 PMID:
15388418

Tilman D. The Importance of the Mechanisms of Interspecific Competition. The American Naturalist.
1987; 129(5):769-774. https://doi.org/10.1086/284672

Wangersky PJ. Lotka-Volterra Population Models. Annual Review of Ecology and Systematics. 1978; 9
(1):189-218. https://doi.org/10.1146/annurev.es.09.110178.001201

Tibshirani R. Regression Shrinkage and Selection via the Lasso. 1996; 58(1):267-288.

Lillacci G, Khammash M. Parameter Estimation and Model Selection in Computational Biology. PLOS
Computational Biology. 2010; 6(3):1-17. https://doi.org/10.1371/journal.pcbi. 1000696

Fisher CK, Mehta P. Identifying Keystone Species in the Human Gut Microbiome from Metagenomic
Timeseries Using Sparse Linear Regression. PLoS ONE. 2014; 9(7):1-10. https://doi.org/10.1371/
journal.pone.0102451

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006001 February 16, 2018 24/24


https://doi.org/10.1126/science.1229858
https://doi.org/10.1126/science.1229858
http://www.ncbi.nlm.nih.gov/pubmed/23288538
https://doi.org/10.1038/nature12344
http://www.ncbi.nlm.nih.gov/pubmed/23873039
https://doi.org/10.1016/j.cgh.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/21871249
https://doi.org/10.1007/s11894-017-0548-y
http://www.ncbi.nlm.nih.gov/pubmed/28289858
https://doi.org/10.1007/s11894-013-0337-1
https://doi.org/10.1007/s11894-013-0337-1
http://www.ncbi.nlm.nih.gov/pubmed/23852569
https://doi.org/10.1016/j.tvjl.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16266847
http://www.ncbi.nlm.nih.gov/pubmed/8843310
https://doi.org/10.1128/AAC.48.10.3670-3676.2004
http://www.ncbi.nlm.nih.gov/pubmed/15388418
https://doi.org/10.1086/284672
https://doi.org/10.1146/annurev.es.09.110178.001201
https://doi.org/10.1371/journal.pcbi.1000696
https://doi.org/10.1371/journal.pone.0102451
https://doi.org/10.1371/journal.pone.0102451
https://doi.org/10.1371/journal.pcbi.1006001

