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PATHOGEN DYNAMICS: MODELING AND ANALYSIS OF
COMPETITION, ORGANIZATION, AND VACCINATION

Glenn Young, PhD

University of Pittsburgh, 2016

The work presented in this thesis is motivated by questions arising about pathogen dynam-
ics. The effects of pathogens can be observed on a variety of spatial scales, from within-host
interactions with the immune system on the microscopic level, to the spread of communi-
cable disease on the population level. We present analyses of three common pathogens on
three different scales. In Chapter 2, we derive and study a system of ordinary differential
equations modeling the competition for space and resources between a mammalian host’s
native intestinal microbiota and an invasive species of Salmonella Typhimurium. We use
our model to discuss optimal invasion strategies that maximize the salmonella’s likelihood
of successfully displacing the microbiota for a spot on the intestinal wall. In Chapter 3,
we analyze an anomalous behavior observed in which two interacting pulses of E. coli in
a one-dimensional nutrient gradient will turn around move away from one another rather
than combine. To this end, we derive a novel system of ordinary differential equations ap-
proximating the dynamics of the classic Keller-Segel partial differential equations model for
bacterial chemotaxis, and use this approximation to make testable predictions about mecha-
nisms driving the turn around behavior. Finally, in Chapter 4, we use a two-strain SIR-type
model of rotavirus transmission to study the effects of vaccination on a population exposed

to multiple endemic strains.
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1.0 INTRODUCTION

Understanding how pathogens interact with each other and their environment is imperative
when it comes to controlling the spread and impact of disease. Experimentalists exploring
these dynamics are presented with many difficulties, however; in vivo host-pathogen studies
are made difficult by uncontrollable factors such as variation in immune response and gut
biome composition, and population-level experiments of disease spread would be unethical
at best. Mathematical modeling offers a tractable method of studying the nonlinear rela-
tionships governing the organization and interaction of microbes that are otherwise difficult
or unethical to pursue.

Mathematical models of pathogen dynamics as they occur within a host organism are
naturally called within-host models. Such models are usually on a small spatial scale, focus
on the behavior of pathogens while inside of a host, and often consider the interaction of
pathogens with a host’s immune system. Within-host models are becoming invaluable tools
for studying mechanisms behind specific aspects of their interactions inside of a host [36].
For example, the authors in [67] study the human inflammatory response due to influenza
infection. In [43], a phenomenon in which the number of infected erythrocytes undergoes
damped oscillations during malaria infection is captured and studied. These models vary in
terms of complexity, from considering well-mixed, homogenous populations [4, 9], to spatially
heterogeneous systems that require some form of cell motility [2, 62].

Cell motility plays a vital role in the spread of bacterial disease. Many pathogens “swim”
to areas within a host that are most favorable for colonization and therefore maximize the
likelihood of infection [54]. Such processes can lead to the aggregation of biofilms in patients
and on medical equipment, a common cause of chronic infection that is becoming more

significant with the rise of antibiotic resistant bacteria [18, 84]. Mathematical modeling



has a successful history in analyzing these processes. The Keller-Segel partial differential
equations model for bacterial chemotaxis has been used to analyze important processes
in biofilm formation, such as aggregation [46], the formation of traveling pulses [48, 75],
and pattern formation [91]. Beyond biofilms, mathematical models for collective motion by
chemotaxis such as the Keller-Segel model have been used to study the propagation of cancer

[76] and even crime [81].

On a larger scale, models concerned with the dynamics of the spread of communicable
disease in human, animal, or plant population are called population-level or epidemiologi-
cal models. The earliest example of a population-level epidemic model is perhaps due to
Daniel Bernoulli in 1760, when he derived and analyzed a mathematical model of smallpox
transmission in an effort to influence the establishment of a vaccination program [10]. More
recently, such models have been used to produce estimates of morbidity and mortality rates
of communicable diseases and determine the benefits of various intervention methods. These
models are valued tools in determining public policy and action, especially with quickly
emerging and fast spreading viruses (e.g., West Nile virus [101], avian flu [17], ebola [28],
and Zika virus [63]). There are also ongoing efforts being made to link within-host dynamics
to population-level models together to create a more complete description of the transmission

and impact of diseases [35].

The work in this thesis focuses on the development and analysis of systems of ordinary
differential equations (ODEs) and partial differential equations (PDEs) that model biological
systems arising from the study of pathogen dynamics. Many of our analytical techniques
come directly from dynamical systems theory; in particular, we make heavy use of linear
stability analysis and bifurcation theory to study the effect of variation of parameters on
model behavior. A large proportion of our analytical techniques are novel, however; we
present a variety of methods we developed with the purpose of answering specific biological
questions, and then frame our methods in a more general context to facilitate application
to other problems. In Chapters 2 and 3, we demonstrate the practicality and versatility of
boundary value problems through a variety of examples related to optimization and transient
analysis. In Chapter 3, we offer a novel approximation to the spatio-temporal dynamics of the

advection-diffusion PDE system that offers qualitative agreement with the original model



and facilitates efficient analysis of varied parameters. While these methods are analytic,

much of our analysis is carried out numerically using XPPAUT [29].

The following three chapters of this thesis present work motivated by a desire to under-
stand the dynamics of different pathogens at various spatial scales. In Chapter 2, we study
the within-host competition between the native, gut-dwelling microbiota, and an invading
population of Salmonella Typhimurium. In Chapter 3, we analyze an anomalous behavior
observed in interacting E. coli populations. In Chapter 4, we consider the possible effects
of a monovalent vaccination on the spread of rotavirus. A brief summary of the content of

each chapter concludes this introduction.

In Chapter 2, we develop a novel optimization framework to study strategies in ecolog-
ical competition processes. The optimization method uses theory from dynamical systems
describing the asymptotic behavior of a bistable system based on initial conditions, which
we implement using a numerical boundary value problem. As an application of our method,
we develop a model of the competition between Salmonella Typhimurium (S. Typhimurium)
and the host’s native microflora, which constantly and densely inhabit the intestinal lining
of most mammals. S. Typhimurium invades the gut in two distinct phenotypic populations,
one virulent and one avirulent, though the avirulent bacteria have the ability to activate
a virulence factor and thereby “switch” into the virulent population. Counterintuitively,
some studies have found that the combined population of S. Typhimurium gains an environ-
mental advantage over the commensal microbiota after the virulent subpopulation provokes
the body’s inflammatory defenses. Our model represents the competition between the com-
mensal microbiota, the avirulent salmonella, and the virulent salmonella populations and
incorporates a simple representation of the immune response. We use our model to pre-
dict optimal strategies that would favor salmonella in its competition with the commensal
bacteria. For example, if the switching rate of the salmonella from avirulent to virulent is
known, our model can be used to make predictions about the minimum initial population

size necessary to outcompete the microbiota and colonize the gut.
In Chapter 3, we study an anomalous behavior observed in interacting E. coli popu-
lations. When two populations of E. coli are placed on opposite ends of a long channel

with a supply of nutrient between them, they will travel as pulses toward one another up



the nutrient gradient [75]. We present experimental evidence that the two pulses will in
some cases change direction and begin moving away from each other and the nutrient back
toward the end of the channel from which they originated. Intuition suggests that because
the two bacterial populations produce the same chemoattractant to which they are mutually
attracted and are both attracted up the interior nutrient gradient, they should both continue
to move inward until they meet, and then combine into a single population. To study why
this is not the case, we use an adaptation of the Keller-Segel PDE model for chemotaxis that
includes an external nutrient source to elucidate mechanisms behind this direction switch.
While the Keller-Segel model has been used to study a variety of important processes related
to bacterial motility, it has not been used to study transient direction changes. We introduce
a heuristic approximation to the spatial profile of each population in the Keller-Segel model
to derive a system of ODEs approximating the temporal dynamics of the center of mass
and the width of each spatial profile. This ODE model facilitates linear stability analysis of
equilibrium states and numerical simulation, and allows phase plane analysis in some situa-
tions. In these ways, our approximate model simplifies analysis of the global dynamics of the
bacterial system and allows us to efficiently explore the qualitative behavior changes across
variations of parameters, and thereby provides experimentally testable hypotheses about
the mechanisms behind the turnaround behavior. In particular, our model predicts that the
center of mass of each bacterial pulse is generically ahead of (with respect to the direction of
motion) the center of mass of the chemoattractant for early time. The bacteria are therefore
attracted inward toward the nutrient and outward by their own chemoattractant and will

turn around if the outward attraction is stronger than the inward attraction.

In Chapter 4, we study the effect of a vaccination program on the spread of rotavirus
in a human population. Rotavirus is the most common cause of severe gastroenteritis in
young children worldwide. The introduction of vaccination programs has led to a significant
reduction in number of hospitalizations due to rotavirus in North and South American coun-
tries. Little work has been done, however, to examine the differential impact of vaccination
as a function of strain distribution and strain-specific vaccine efficacy. We develop a two-
strain epidemiological model of rotavirus transmission, and use it to examine the effects of a

monovalent vaccine (Rotarix) on the qualitative behaviors of infection levels in a population.



For contrast, we parameterize our model with strain distribution data from North America
and from South America. In all cases, the introduction of the vaccine leads to significant
decreases in the prevalence of primary infection due to both strains for a decade or more,
after which the overall prevalence recovers to near pre-vaccination levels. The prevalence of
G1P[8] is significantly higher in North America (73% of all rotavirus infections) compared
to that of South America (34%). Our model predicts that the introduction of Rotarix might
result in major strain replacement in regions such as North America where the prevalence of
G1P[8] is relatively high, due to higher efficacy of Rotarix against infection caused by G1P|[8],
while regions with lower prevalence of G1P[8], such as South America, are not susceptible

to major strain replacement.



2.0 A BOUNDARY VALUE APPROACH TO OPTIMIZATION WITH AN
APPLICATION TO SALMONELLA COMPETITION

2.1 INTRODUCTION

Interspecies competition often involves competition over a common resource, such as food,
water, sunlight, or space. The outcome of such competition generally falls in favor of the
species that can most quickly and efficiently make use of the resources, thereby limiting the
resources available for the competitor. A species that can effectively use resources and inhibit
its competitors’ resource access is said to have a competitive advantage, and the greater
its advantage, the greater the chances of survival for a species. From this perspective,
a competitor should always adopt a strategy that maximizes competitive advantage and
therefore chance of survival.

In this chapter, we seek to determine the optimal strategy that an invasive population
can use to outcompete an established population. To this end, we develop an optimization
method to determine the minimum initial size of a population needed for it to mount a
successful invasion in a bistable competition setting. Our method is motivated by dynamical
systems theory. In a bistable deterministic competition model, the asymptotic behavior
of the system is entirely decided by initial conditions. The winner of the competition is
determined by the side of a separatrix on which the system begins. In general, finding an
analytical or numerical expression for the separatrix of such a system is difficult or impossible,
and so finding an exact threshold for the success or failure of each species relative to the
other is often impractical. Instead, we define a simple empirical condition that appears
to be necessary and sufficient on the transient behavior of the system that determines the

outcome of the competition. We use this idea to formulate a boundary value problem



that determines the smallest population size of an invasive species that will displace the

established population, which we implement numerically.

As an application of our optimization method, we develop a novel model of the competi-
tion between Salmonella enterica serovar Typhimurium (S. Typhimurium) and a host’s native
intestinal microflora. Once salmonella enter a host, they must make their way into the lower
intestine, where they attempt to colonize a spot on the interior intestinal wall. To success-
fully invade the gut, however, salmonella must outcompete a dense and ever-present layer of
commensal microbiota [83]. These microbiota provide the final hurdle for the salmonella to
cross before they can colonize the gut: the invaders must somehow use available energy and
resources to displace the microbiota and expose the inhabitable intestinal wall. Remarkably,
the virulence factor type III secretion system TTSS-1 allows S. Typhimurium to survive
within host macrophages and thereby gain an environmental advantage over the commensal
microbiota during the host’s non-specific immune response [83]. S. Typhimurium is known
to maintain a phenotypically distinct avirulent population during host invasion, which does
not express the virulence factor. These avirulent cells reproduce at a faster rate than their
virulent counterparts, but also can activate the virulence factor, thereby switching into the
virulent population [86]. It seems reasonable to assume that S. Typhimurium has evolved in
such a way as to increase its chance of survival inside of a host. To better understand the
relative contributions of these two populations and the role of switching between them, we
developed a system of ordinary differential equations that models the competition between
the invasive S. Typhimurium and a native population of commensal microbiota, and we apply
our optimization method to determine the virulence activation rate and initial proportions of
avirulent and virulent salmonella that minimize the total initial salmonella population size
necessary to outcompete the commensal bacteria. Our model therefore determines parame-
ter values that represent behavioral characteristics of the salmonella that make it easiest for

the salmonella to invade and become established in the gut.

In the following section, we introduce and develop the general idea of the optimization
framework. In Section 2.3, we construct and analyze a model of the competition between the
invasive S. Typhimurium and the commensal microbiota. Our model is based on a previous

two-dimensional competition model encompassing an effect known as the differential killing



hypothesis [13]. We expand on this model in a number of ways, most importantly by model-
ing the virulent and avirulent salmonella phenotypes as separate populations and including
a simple dynamic model of the immune system. We analyze this model to demonstrate
conditions under which the salmonella population benefits from invading with two pheno-
typically distinct populations. The ability of the salmonella to outcompete the commensal
microbiota depends heavily on the virulence factor activation rate, as well as the initial pro-
portion of the avirulent and virulent phenotypes in the total population. In Section 2.5, we
use our method to find the switching rate and the initial proportion of avirulent phenotypes
(and consequently, the initial proportion of virulent phenotypes) that minimize the total
initial salmonella population size necessary to outcompete the commensals for a spot on
the intestinal wall. The optimal parameters that we compute represent an optimal strategy
for the salmonella to use when invading the gut; that is, a population of S. Typhimurium
maximizes its chance of successfully invading the gut by invading with the optimal initial
proportion of avirulent cells and virulence activation rate. We follow up with a thought ex-
periment concerning the initial and final ratios of avirulent to virulent salmonella. In theory,
S. Typhimurium might have a greater chance of survival with a higher proportion of avir-
ulent cells when surviving outside of a host, since the avirulent cells grow faster than their
virulent counterparts. Consequently, we extend our optimization framework to determine
optimal strategies for the salmonella to use within the host in order to exit the host with any
ratio of avirulent to virulent cells. Our results provide experimentally testable predictions on
important properties, namely the optimal switching rate and initial distribution of avirulent

and virulent cells, found in bacterial populations.

2.2 OPTIMIZATION FRAMEWORK

Many bistable deterministic competitions are decided once one of the competitors surpasses
some threshold given by a separatrix. For example, consider the two species competition

governed by Lotka-Volterra-type deterministic equations



¥ = z(1—2z—ay) (2.1)

y = y(l-y—pr),

with @ > [ > 1. The outcome of such a competition is determined by the position of
the initial condition relative to the stable manifold of the interior saddle point, as shown
in Figure 2.1. Species y will outcompete species x if and only if the system is ever above
the stable manifold. Of course, the stable manifold of a general nonlinear system is very
difficult or impossible to determine analytically, and consequently using the stable manifold
as a separatrix is in practice out of the question. Instead, we can often determine a simpler
sufficient condition to determine when species y outcompetes species x that is straightforward
to check. In this case, if z(¢;) = y(t1) for any time ¢;, then y will outcompete = because the
identity line lies above the stable manifold. Moreover, if 2(0) > y(0), the condition is also
necessary, since the system must pass through the identity line y = x while approaching the
steady state (x,y) = (0, 1).

We now make use of this observation to find the minimum required initial y-value yq
such that if y(0) = yp, then y outcompetes z, assuming that species = has an established
population and begins at its carrying capacity, 2(0) = 1. The desired y, value is exactly the
y-value of the intersection of the line z = 1 and the stable manifold, which we call y,. In this
two-dimensional case, we can numerically find this intersection by starting just off the saddle
point on the stable manifold and integrating backwards in time until we reach x = 1, but
this method is not easily generalizable to higher dimensional manifolds. Instead, we observe
that starting above the stable manifold on the line x = 1 results in y outcompeting x, and,
importantly, the system crossing the line y = x at some unknown time ¢; = #;(yy). The
closer yo gets to the stable manifold, the more time it takes for the system to cross the line
y = x, and the larger ¢; becomes; in particular, yl;gl t1(yo) = 0o. Consequently, we can force
Yo to be arbitrarily close to y, by requiring that y(t,) = z(ts), where t., is a sufficiently

large number.
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Figure 2.1: Two species Lotka-Volterra-type bistable competition. Assuming species x begins
at carrying capacity x = 1, species y will outcompete z if and only if it invades with an initial
population greater than y,, which marks the intersection of the stable manifold of the saddle
point (center red dot) and the line x = 1. The system crosses the identity line y = x at time
t = t1, denoted in the figure by the blue dot labeled (z(¢1),y(t1)). The green dots at (0, 1)
and (1,0) mark the two stable fixed points of the system, corresponding to the outcome
where = outcompetes y and where y outcompetes z, respectively. The origin marked with a

red dot is an unstable steady state.

We find this approximation of ys numerically by solving the boundary value problem on

t €0, )

T = z(l—x—ay)

y = y(l-y-px) (2.2)
g = 0
2(0) = 1
y(0) = wo



The addition of the third differential equation g, = 0 serves a dual purpose: it allows us to
include a third boundary condition and, along with the boundary conditions y(0) = yo and
Y(ts) = (tx), it forces the initial value of y to lie as close as we want to ys.

The numerical solution of boundary value problem (2.2) yields y,, the smallest initial
y-value yo such that y will outcompete the established population z. Of course, the inter-
section of the stable manifold and the line z = 1 (and consequently the lower bound on yq
yielding successful invasion) will vary with system parameters. We can minimize y, over
any parameter by simply continuing the solution of the boundary value problem along this

parameter.

2.3 SALMONELLA TYPHIMURIUM COMPETITION MODEL

Salmonella infection is a leading cause of foodborne illness worldwide, typically resulting in
diarrhea, abdominal cramps, and fever for 4-7 days [74, 14]. S. Typhimurium exploit the
host’s immune response to displace the commensals from the intestinal wall in a variety of
ways. First, invoking the immune response recruits macrophages. Though macrophages typ-
ically ingest and eliminate foreign bacteria, virulent S. Typhimurium have evolved to survive
and even reproduce within host macrophages [74, 83]. Since inflammation will also disrupt
the commensal microbiota, macrophage resistance likely contributes to S. Typhimurium’s
ability to colonize the gut, a phenomenon dubbed the differential killing hypothesis in [83].
Second, inflammation shifts nutrient availability in the intestine. In the uninflamed intestine,
nutrients are used efficiently by the microbiota, but inflammation introduces organic com-
pounds such as ethanolamine and cellular detritus, which S. Typhimurium might be better
suited to consume[83, 90]. The advantage gained by the S. Typhimurium from this nutrient
shift has been called the food hypothesis [83].

Despite the advantages that inflammation and therefore virulence provide, a subpopu-
lation of invasive S. Typhimurium remarkably do not express the virulence factor TTSS-1
and are consequently avirulent. Intuitively, if S. Typhimurium gain an environmental ad-

vantage over the commensal microbiota by invoking the host’s immune response, then every

11



salmonella cell should express TTSS-1 to maximize their advantage. However, the existence
and persistence of the avirulent salmonella suggests that the avirulent cells must provide
another type of advantage in the competition against the commensals.

Experiments have shown that avirulent salmonella cannot survive within host macropha-
ges, but they reproduce at a much quicker rate than their TTSS-1-expressing counterparts
[30, 86]. The fast growing avirulent cells are thought to allow the entire salmonella population
to withstand the early stages of invasion, when their numbers are low, before inflammation
takes effect. Moreover, recent studies on growth rates of S. Typhimurium have concluded
that avirulent S. Typhimurium are able to “switch on” the virulence factor TTSS-1 while
in the gut [86]. There is no evidence that the bacteria can switch back from virulent to
avirulent, and the role of this switching mechanism in gut invasion is not fully understood.

We now develop a mathematical model of the competition between the virulent salmonella,
V', the avirulent salmonella, U, and the established commensal microbiota population, C,
on a small patch in the lower intestine. Our model is adapted from a three-population

competition model.

U = Ulgo - alC+V) = 40)
V' = Vigy —a(C+U)=V) (2:3)
¢ = Clgoc—a(V+U)—~0)

In this basic model, each population ¢ € {C,V,U} has exponential growth rate g..
Since the expression of the virulence factor slows growth rate, we always impose gy < gy.
Moreover, each population suppresses the other two with competition parameter o and itself

with self-crowding parameter ~.

We extend the basic model (2.3) to include additional biological features, as follows:
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U = Uy —a(C+V)=qU+opf(V) — kM —d,) (2.4)
V= Vigy —a(C+U) =9V +ovf(V)—(k—ry)M) +d.U

C'" = Clgec—a(V+U)—~C+ocf(V)— kM)

P = aM — upP

D" = gp— (bpP+byV + pV + up)D

oV

fV) = v

As has been noted previously by, e.g., [74, 82], S. Typhimurium gains an environmental
advantage over the commensals by inciting the inflammatory immune response of the host.
We therefore include in our system a simple model of the immune response, motivated by
those found in [19] and [68], in the form of a dynamic population of activated macrophages,
M. Nonactivated macrophages serve a variety of purposes in the body, but once activated,
their singular role is the elimination of pathogens. The nonactivated macrophages can be
activated by pathogens and also by pro-inflammatory cytokines, which are produced by
already activated macrophages. In our model, macrophages are activated at rate by when
any member of a pool of nonactivated macrophages, D, comes into contact with a virulent
salmonella cell and at rate bp when a nonactivated macrophage comes into contact with a pro-
inflammatory cytokine, P. The activated macrophages then kill each of the three bacterial
populations at rate x upon contact with the corresponding population. Since virulent S.
Typhimurium are able to survive and reproduce within macrophages, the killing rate of V'
by M is reduced by a factor that we denote by ry. The model does not include an equivalent
reduction in the Kkilling rate of the avirulent salmonella by the macrophages because they
cannot survive within macrophages [30].

The pro-inflammatory cytokines P are produced by the macrophages at rate a and decay
naturally at rate pup. The nonactivated macrophages D are produced by the body at rate
gp, activated by the pro-inflammatory cytokines and virulent salmonella at rate bp and by,

respectively. The nonactivated and activated macrophages naturally decay at rate pup and

13



war, respectively. We also allow nonactivated and activated macrophages to be killed by

virulent salmonella at rate p and dy, respectively, as has been observed experimentally [11].

We include in our model a food source f for each of the three bacterial populations
to use as energy, which leads to faster growth. We assume available food is proportional
to the amount of virulent salmonella, as virulence triggers inflammation and inflammation
produces nutrients not found in the uninflamed intestine [90, 83]. The parameter ¢ is simply a
scaling factor related to the amount of food available. The relative ability of each population
to utilize the energy provided by food is given in the parameters o¢, ¢ € {C,V,U}. In

accordance with the food hypothesis, we impose o¢ < oy and o¢ < oy.

Experiments show that while in the gut, the avirulent salmonella are able to express the
virulence factor TTSS-1 and consequently “switch” to join the virulent population [86]. We
include this switching ability in our model as a drift rate, d,., from U to V. Experimentalists
have not observed “switching” from the virulent phenotype to the avirulent phenotype, and

so we do not include a drift rate from V' to U [86].

Since the reactions are happening locally in a patch in the gut, the body has an abundance
of cytokines and nonactivated macrophages to contribute to the area; however, the available
food nearby is limited. We therefore ignore any saturating effects on P and D but include

them in f.

Finally, we assume that the commensal microbiota have reached their carrying capacity
before the invasion by the salmonella, and that the gut contains no salmonella leading up
to the invasion, such that initially no activated macrophages are present. In the following
sections, we will concern ourselves with the initial size of the combined salmonella invading
force, and consequently it is convenient to consider the avirulent and virulent populations
as fractions of the total salmonella population. We define Sy to be the initial salmonella

population Sy = U(0) + V(0) and x to be the initial proportion of avirulent cells x =
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U(0)/(U(0) +V(0)). We therefore consider system (2.4) with the following initial values:

U(0) = 25,

V(0) = (1 — )5S,

C(0) = ge/v (25)
P(0) =0

D(0) = gp/pp

M(0) =0

where g./v and gp/pp are obtained from solving ¢! =0 and D' =0 with U =V = M =0,
respectively.

It is important to note that since we do not have sufficient data to accurately parame-
terize the system, all simulation results about model (2.4)-(2.5) that we present are purely
qualitative. In this vein, we chose parameter values that are of the correct relative mag-
nitudes based on the published literature. These values are found in Table 3.1 and are

dimensionless.
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Variables

U Relative population size of avirulent salmonella

\%4 Relative population size of virulent salmonella

C Relative population size of commensal microbiota

M  Relative population size of activated macrophages

f Relative abundance of food

P Relative abundance of pro-inflammatory cytokines

D Relative population size of non-activated macrophages

Parameters Values Source

gc  Growth rate of bacterial population ¢ = C,V,U 1.3,0.7,1.3  [86]

« Competition parameter 1.3

~y Bacterial self-crowding parameter 1

o¢  Relative contribution from food to the growth rate of bacterial 1,1.4,1.8
population ¢ = C, V.U

K Rate of elimination of bacteria by macrophages 1.8 [68]

ry  Reduction in the rate of elimination of virulent salmonella by 0.9 [34]
macrophages in the virulent population

d, Drift rate of salmonella from avirulent to virulent 0-1

bp  Activation rate of macrophages by pro-inflammatory cytokines 0.01 [19]

by Activation rate of macrophages by virulent salmonella 0.02 [19]

0y Rate of elimination of activated macrophages by the virulent 0.05
salmonella

wun Natural death rate of activated macrophages 0.05 [19]

1) Food abundance-scaling coefficient 4

a Production rate of pro-inflammatory cytokines by activated 0.1
macrophages

up  Natural death rate of pro-inflammatory cytokines 0.1

gp  Production rate of non-activated macrophages 0.1

P Rate of elimination of non-activated macrophages by the virulent 0.005 [34]
salmonella

ip  Natural death rate of non-activated macrophages 0.12 [19]

x Initial proportion of avirulent salmonella cells 0-1

We require of our model that activated macrophages cannot persist in the gut in the

Table 2.1: Variables and parameters for model (2.4).
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absence of virulent salmonella. By this requirement, we effectively ignore all other causes of
inflammation and our analysis can be thought of relative to a baseline amount of activated
macrophages, which we assume to be zero. For this reason, we consider system (2.4) with V'

omitted and P and D in pseudo-steady state, for simplicity:

U = Ulgy —aC —~yU — kM)

C'" = C(goc —aU —~C — kM) (2.6)
ngpaM
M’ — M.
bpaM + pppp i

We restrict our parameters such that the fixed point (U, C, M) = (0,C*,0), C* = g¢/v > 0
of system (2.6) is stable and no stable fixed points such that M > 0 exist. The Jacobian

matrix obtained by linearizing (2.6) around this fixed point is

gu — aC* 0 0
J = —aC*  —C* —KkC*
0 0 (gpbpa)/(uppp) — piar

All three eigenvalues of this matrix are negative and the only fixed points in the nonnegative
octant are such that M = 0 if and only if gyy < geca and (gpbpa)/(papirpip) < 1, so we
impose these two requirements on our parameters. Under these requirements, when virulent

salmonella are absent, the macrophages are, too.

2.4 EFFECT OF DRIFT RATE AND INITIAL AVIRULENT
PROPORTION ON LONG-TERM OUTCOMES

To illustrate the power of our optimization method, we will use it to determine optimal
strategies that the invasive salmonella should use in the gut to most easily outcompete the
commensal microbiota. An in depth exploration of optimal strategies is presented in the next
section, but as a preliminary step, here we determine some properties of system (2.4), and

in particular, the effect of the drift rate d, and the initial proportion of avirulent salmonella
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x on the ability of the salmonella to colonize the gut. Both parameters are strongly related
to the relative size of the avirulent and virulent salmonella populations and consequently are
useful in determining the relative impact of both populations during invasions.

In Figure 2.2, the initial total population size of the invasive salmonella is fixed at
So = U(0) + V(0) = 0.65, with the initial proportion of avirulent salmonella fixed at z =
U(0)/Sy = 0.5. In panel A, the drift rate of the salmonella from avirulent to virulent is
d, = 0.1, and the salmonella are promptly eliminated by the immune system, while the
commensals persist. In panel B, the drift rate is turned up to d, = 0.5, and the salmonella
outcompete the commensals for a spot on the gut. This suggests that a larger conversion
rate from the avirulent to the virulent phenotype helps the salmonella in their quest to
colonize the gut. However, in panel C of the same figure, the drift rate is set to d, = 0.9,
and the commensals once again outcompete the salmonella. Consequently, there seems to
be an intermediate optimal drift rate, at least for the fixed initial proportion of avirulent

salmonella near z = 0.5.
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Figure 2.2: The outcome of the competition depends on the drift rate, d,.. All three panels
show simulations of system (2.4) with C' displayed as the blue curve, U as the dashed black
curve, and V' as the dashed red curve. S, = U(0) + V(0) was fixed at 0.65 and = was
fixed at 0.5 for all simulations. A. With drift rate d, = 0.1, the commensals outcompete the
salmonella. B. With d,, = 0.5, the salmonella outcompete the commensals. C. With d, = 0.9,
the commensals outcompete the salmonella once again. Since the salmonella outcompeted
the commensals for one but not all drift rates shown, these figures suggest that there is an

intermediate optimal drift rate for some fixed initial avirulent proportions x, such as x = 0.5.

Figure 2.3 shows a similar set up as in Figure 2.2, with the total initial invasive population
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fixed at Sy = 0.65, but now the drift rate is fixed at d, = 0.5, and each panel shows the
simulation for a different value of x. In panel A, x = 0.1, so only ten percent of the initial
salmonella population is avirulent. This condition results in the commensals outcompeting
the salmonella. Panel B in Figure 2.3 is the same as panel B in Figure 2.2, with d, = 0.5
and x = 0.5. Increasing the initial proportion of avirulent salmonella to half of all invaders
allows the salmonella to defeat the commensals and become established on the intestinal wall.
Perhaps, then, having a higher avirulent proportion of the initial salmonella population is
beneficial. The growth rate gy of the avirulent phenotype is higher than the growth rate gy of
the virulent phenotype, so a larger initial population of the fast-growing avirulent salmonella
could allow the entire salmonella population to survive the early stages of competition,
after which drift rate d, could cause an increase in the immune response-triggering virulent
phenotype, which would help the salmonella outlast the remaining commensals. However,
panel C shows that commensals quickly outcompete the salmonella when x = 0.9. Thus, we
conclude that too large a proportion of avirulent invaders hurts the salmonella as a whole.
These observations suggest that there is an interior optimum in the invasive proportion of
avirulent salmonella for fixed drift rate; too few or too many avirulent salmonella cost the

total population in the fight against commensals.
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Figure 2.3: The outcome of the competition depends on the initial proportion of avirulent
salmonella, z. All three panels show simulations of the system (2.4) with C' displayed as the
blue curve, U as the dashed black curve, and V' as the dashed red curve. Sy = U(0) + V(0)
was fixed at 0.65 and d, fixed at 0.5 for all simulations. A. With z = 0.1, the commensals
outcompete the salmonella. B. With x = 0.5, the salmonella outcompete the commensals.
With x = 0.9, the commensals outcompete the salmonella. The salmonella only outcompete
the commensals for the intermediate value of z, which suggests that there is an optimal

initial avirulent proportion for some fixed drift rates d,, such as d, = 0.5.

Considering the above results, the two parameters d,. and x seem to play important roles
in the competition between the salmonella and the commensal microbiota in the inflamed
gut. Consequently, in the next section, we search for optimal strategies, in the sense of
minimizing over d, and x the initial salmonella population size Sy needed for successful

colonization.

2.5 FINDING OPTIMAL STRATEGIES

We now explore optimal invasion strategies from the salmonella’s perspective. We consider
the two parameters from the above section that impact the ability of the invasive salmonella
to outcompete the commensal microbiota and colonize the gut: the drift rate d, at which
salmonella “switch” from the avirulent to the virulent population, and the proportion z of
initial salmonella invaders that are avirulent. We ask what values of these quantities minimize

the initial population size Sy = U(0) + V(0) necessary for the salmonella to successfully
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outcompete the commensal bacteria. Given accurate parameter values, such an (z,d,) pair
would represent a prediction for the relative proportion of the two phenotypes found in an
invasive S. Typhimurium population and the drift rate from avirulent to virulent states found

in S. Typhimurium populations.

For a range of fixed d, and = values, too small an initial population size Sy will result in
an unsuccessful invasion attempt, while a large enough Sy will result in a successful invasion.
Consequently, for each of these fixed parameter values, there is a minimum Sy necessary to
outcompete the commensals, which we call S,c. := Spec(d,, ). In this notation, the optimal

strategy we seek is given by arg min S,e.(d,., x).
dr,x

We optimize using the method described in Section 2.2. We claim that the method ex-
tends naturally from our two-dimensional formulation to our six-dimensional model. Our
approach for determining the optimal strategy described above is based on the numerical
observation that if the total salmonella population is ever the same size as the commen-
sal population, then the salmonella will ultimately outcompete the commensals; that is, if
U(ty) + V(t1) = C(t1) at any time ¢y, then tlggo C(t) = 0 and tlgglo U(t) + V(t) > 0. This
is the same condition we use to determine whether the invasive population outcompetes
the established population in system 2.1 in Section 2.2. Conversely, if tliglo C(t) = 0 and
tlggo U(t) + V(t) > 0, then the there must be a time t; such that U(t;) + V(t;) = C(t1), as
long as Sy < C(0), which we will in general assume based on the idea that the salmonella is
invading a domain where the commensal bacteria are already established. The existence of
such a “crossing time” t; is therefore a necessary and sufficient condition that determines if

the salmonella outcompete the commensals.

The crossing time t; depends on the initial salmonella population size Sy. In particular,
if such a crossing time exists, an increase in Sy will result in a shorter crossing time. This
makes sense, since the more salmonella initially present, the faster they will outcompete the
commensals. Similarly, a reduction in Sy will result in a longer crossing time, until Sy falls
below the threshold Sye.(d,,x), after which the crossing time no longer exists because the
commensals outcompete the salmonella. By continuity with respect to initial conditions,
for each fixed d, and x, and for any time ¢;, there is an Sp(¢1) so that the salmonella and

commensal population sizes will be equal at ¢;. As t¢; increases, the corresponding Sy(t1)
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decreases to a critical initial salmonella population size. Starting from this critical salmonella
population size, a smaller Sy would result in the commensals outcompeting the salmonella,
while a larger Sy would result in the salmonella outcompeting the commensals. This critical

So value for the fixed parameters is therefore S,..(d,, ).

To find arg min Sye.(d,, ), we introduce the time-scaled system (2.7) with boundary con-
ditions (2.8), ggih found in the Appendix. These equations represent a natural generalization
of the boundary value problem system (2.2) from the Lotka-Volterra example in Section 2.2.
According to our observation, the salmonella will outcompete the commensal microbiota if
and only if U(t;) +V(t;) = C(t1) for some time ¢, and the larger ¢; is, the closer Sy must be
to Spec(dy, ). We therefore approximate S.(d,, x) by requiring the crossing time t; to be
large. We numerically implement this condition in system (2.7) by rescaling time by s = t/7,
where 7 = t; is our required crossing time, and requiring that the populations cross at time
t = t; by the boundary condition C'(1) = U(1)+V (1). Figure 2.4 shows an example solution

of this boundary value problem. We illustrate that this approximation works well for large

7 in Figure 2.10 in the Appendix.

Again using XPPAUT [29] we continue the solution of the boundary value problem
(2.7)-(2.8) over a range of drift rate values d, between 0 and 1 for fixed initial proportion of
avirulent salmonella z. Figure 2.5A shows Syec(dr, 0.1), Spec(dy, 0.5), and Spec(d,, 0.9) plotted
versus the drift rate. For each fixed x, there is a clear interior minimum value of S,,.., and
it is clear that these minima vary with x. We again use XPPAUT to pick out these minimal
Shec over all d,. between 0 and 1 for each fixed z , which we call S,,;,(x) = rréin Snee(dy, ),
and use continuation in z to derive the full S,,;,(z) curve (see Appendix). Figul:e 2.5B shows
that the minimum of S,,;,(z) occurs around = = 0.5 for this parameter set, implying that
the salmonella should invade with roughly equal proportions of avirulent and virulent cells
in order to maximize the population’s chance at a successful invasion for these parameter
values.

As was previously stated, we are concerned with finding pairs of d, and x values that
minimize the initial size of the invading salmonella population necessary to successfully
outcompete the commensals. From the above, we have the x value which minimizes Sy, ().

To each S,,i,(x) there corresponds a d,.(z) for that fixed x that minimizes S.(d,, x); that
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Figure 2.4: Boundary value problem solution with 7 = 20, d, = 0.3, and x = 0.5. The
upper red line represents the population of commensal microbiota, C, while the lower blue
line represents the sum of the virulent and avirulent salmonella, S = U + V. The curves
represent a solution to the boundary value problem, with right hand boundary condition
C(1) =U(1)+V(1), and the initial value S(0) = U(0) + V' (0) that is obtained is Syec(dy, x).
From this solution, we can vary the drift rate, d,, and the initial proportion of avirulent cells
in the salmonella population, z, to determine the minimum initial salmonella population size

necessary to outcompete the commensals.

is, d,(x) = argmin S,.(d,,z). These optimal d,.(x) are plotted versus z in Figure 2.5C.
The figure shov?zrs that as x increases, the optimal d, does as well. This makes sense, as a
higher initial proportion of avirulent salmonella would require a faster virulence activation
rate in order for the salmonella population to take advantage of the benefits that virulence
provides. The dashed lines in the figure identify the d, value corresponding to the x value
that minimizes S,.;,(x), as shown in Figure 2.5B. In particular, S,,;, is minimized when
d, = 0.52, implying that the avirulent salmonella should activate their virulence factor at
that rate. Therefore, (d,.,x) = (0.52,0.5) represents the salmonella’s optimal strategy for

this particular parameter set.
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Figure 2.5: Optimal strategies and minimum necessary initial populations from continuation
of solutions to boundary value problem (2.7)-(2.8) with 7 = 20 in d, followed by continuation
in x. A. Spe, the minimum initial salmonella population necessary to outcompete the
commensals, for three different fixed initial avirulent proportions z, as a function of switching
rates d,. from 0 to 1. Each of the three curves in has an interior minimum value, which
represents the smallest S,,.. for that fixed value of x over all switching rates, which we call
Smin(x). B. Spin(z) as a function of the initial avirulent salmonella proportion z. Note that
d, values can differ at different points on this curve. C. The (x,d,(x)) pairs that minimize
Snec(dy, x) with respect to d,. The dashed lines identify the xz and d, values that minimize

Smin- The red circle in C corresponds to the same x value given by the red circle in B.

In the preceding analysis, for each fixed initial proportion of avirulent salmonella x, the
minimal necessary invading salmonella population S..(d,,x) size was minimized over the
drift rate d,.. Of course, we can ask the same question in the opposite order: for each fixed
d,, what value of  minimizes S,..(d.,z)? To answer this question, we use the same idea
as before, only we now consider system (2.9) with boundary conditions (2.8), found in the

Appendix, instead of system (2.7).

Figure 2.6A shows solutions to the boundary value problem for the drift rate fixed at
d. = 0.3,0.5,and 0.7. Similar to the previous case, varying = reveals there is a minimum value
of Spec(d,, ) for each fixed d,, which we call S,;,(d,) = m:gn Snec(dr, x). Using XPPAUT,
we continue the solution corresponding to Sy, (d,) over d, from 0 to 1, and the results are
plotted in Figure 2.6B. Consistent with the approach used in Figure 2.5, the minimum .5,,;,

occurs around d, = 0.52, meaning the avirulent salmonella should activate their virulence
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factor at that rate in order to maximize their chance at a successful invasion.
The values of x that minimize S..(d,, z) for fixed d, are plotted in Figure 2.6C, along
with the corresponding curve from Figure 2.5C. The intersection of the two curves rep-

resents the (d,,x) pair that minimizes Syec(d,,z) over all d, and : glin Snec(dr,x) =

min {min Shnee(dy, m)} = I%in {min Shnee(dy, m)}
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Figure 2.6: Optimal strategies and minimum necessary initial populations from continuation
of solutions to boundary value problem (2.7)-(2.8) with 7 = 20 in « followed by continuation
in d.. A. Spe, the minimum initial salmonella population necessary to outcompete the
commensals, for fixed switching rates d,., as a function of the initial proportion of avirulent
salmonella x from 0 to 1. Each of the three curves has an interior minimum value, which
represents the smallest S,,.. for that fixed value of d, over all initial avirulent proportions,
which we call Spin(d,). B. Spin(d.) versus d,. Note that z values can differ at different
points on the curve. C. The curve of (z,d,) pairs that minimize S.(d,, x) with respect to
x is shown in blue and the curve of (x,d,) pairs that minimize S,..(d,, z) over d, is shown
in red. The intersection of the two curves represents the optimal strategy to be used by the

salmonella when invading the gut.

The optimal strategies above are only optimal while the salmonella are within a host.
After the bacteria are expelled, they find themselves in a new environment without any
inflammatory response to exploit. Consequently, it might benefit the salmonella population
to invade a host with the optimal proportion of avirulent cells described above, but leave the
host with some other proportion of fast-growing avirulent cells that increases their chance

of survival outside of a host. To explore this idea, we impose another condition and require
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Tinit = BTfinal, Where [ is a constant, while z;,;; = = and xf,, are the proportions of
avirulent cells in the total salmonella population at the beginning and end of the invasion,
respectively. Details on how this additional condition was implemented can be found in the
Appendix.

Holding all variables other than d, and x constant, the final proportion of avirulent
salmonella becomes a function of only d,: i = U*(d,)/(U*(d,)+V*(d,)) = U*/(U*+V*),
where (U, V,C, M) = (U*,V*,0, M*), U*,V* > 0, is the steady state corresponding to a
successful invasion. Thus for each fixed d,., we need only consider the z = x;,;; values such
that « = pU*/(U* + V*). Figure 2.7 shows the curve in (d,,z) space that preserves this
equality with f = 1, along which we apply our optimization method. Figures 2.8A and
B show the minimum salmonella invasion force necessary to colonize the gut, S,,;,, versus
the initial proportion of avirulent salmonella x and the switching rate d,., respectively, also
with 8 = 1. Since we have added the constraint that x;,;; = B2 fine, the minimum S,
value, Sy, = 0.6427, is larger in these figures than in the analogous Figure 2.5B, where
Smin = 0.6393.

This approach could be repeated to predict the optimal strategy for any other choice of
8> 0.
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Figure 2.7: Parameter curve on which the initial proportion of avirulent salmonella is equal
to the final proportion of avirulent salmonella. The blue dot at (d,,z) = (0.6743,0.6161)

denotes the (d,,x) pair that minimizes S, while preserving the equality Zini: =  final.
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Figure 2.8: The optimal strategies with the added requirement that z;,ir = B fina, with 8 =
1. A. The smallest initial salmonella population that will still outcompete the commensals,
Smin, as a function of the initial proportion of avirulent salmonella x. B. S,,;, as a function
of the switching rate d.. The blue dots correspond to the x and d, values that minimize

Smin, Which are the coordinates of the blue dot in Figure 2.7.

2.6 DISCUSSION

We have developed an optimization method to determine the minimum size of an invasive
species population that will outcompete an established population. The method is based on
analysis of general bistable competition models and is implemented by solving a boundary
value problem numerically. Further, we constructed and analyzed a model describing the
competition between a commensal microbiota population and an invasive salmonella pop-
ulation, along with a simple model of the immune response, under the assumptions of the
two hypotheses about this competition proposed by Stecher and Hardt. Our model agrees
with experiments in that populations of S. Typhimurium benefit from invading a host with
two phenotypically distinct subpopulations of avirulent and virulent cells, rather than a pop-
ulation comprised of just avirulent or just virulent phenotypes. We went on to apply our
optimization method to show how to determine the proportion of avirulent cells in the initial
population and the virulence factor activation rate that maximize the chance of a successful

invasion, for a fixed set of the model parameters.
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Previous studies indicate that S. Typhimurium is an example of a species that gains an
environmental advantage over a host’s commensal microbiota as a result of the host’s natural
inflammatory response [82]. Stecher and Hardt proposed the differential killing hypothesis
and the food hypothesis as mechanisms by which the salmonella gain this advantage [83].
Brown et al. [13] incorporated the food hypothesis into a simple model of the competi-
tion between S. Typhimurium and the commensal microbiota [13]. The food hypothesis is
supported by, e.g., [90], which found that the inflamed intestine contains ethanolamine, a
nutrient which supports the growth of salmonella, but not the commensal microbiota. In this
chapter, we constructed and analyzed a novel model describing the competition between the
commensal population and the salmonella population, including separate virulent and avir-
ulent salmonella subpopulations, and incorporating the two hypotheses proposed by Stecher
and Hardt along with a simple model of the immune response that mediates the differential

killing effect.

At first glance, the need for both virulent and avirulent salmonella subpopulations may
seem unnecessary. While the salmonella population as a whole benefits from the host’s in-
flammatory response, only the virulent bacteria invoke inflammation. However, since the
relative growth rate of the virulent population is slowed by the expression of virulence factor
TTSS-1 [86], the fast-growing avirulent population allows the salmonella to become estab-
lished during the early stage of the invasion. Thus, we expect that there could exist an
optimal initial proportion of avirulent salmonella in the entire invasive population exclu-
sively between 0 and 1, and our model confirms this expectation. This result is consistent
with experiments, which have shown that both virulent and avirulent phenotypes exist in
invasive S. Typhimurium populations. Moreover, avirulent S. Typhimurium are observed to
“switch on” the virulence factor TTSS-1. Again, since a high switching rate would cause
most or all of the salmonella to become virulent, we expect a nontrivial optimal switching
rate, and our model confirms that such an optimal rate exists. It is reasonable to expect
that while S. Typhimurium evolved to benefit from the body’s inflammatory response, they
also evolved in such a way as to activate their virulence factor at the rate that gives the
greatest environmental advantage. We viewed the minimal initial population necessary to

successfully colonize the intestine as a measure of this advantage, since the probability of
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successful invasion should be proportional to this quantity. Our model allows us to estimate
this minimal invasion force, as well as the corresponding switching rate and initial proportion

of avirulent cells.

These results supply us with the means of creating experimentally testable hypotheses
about the virulence initiation rate, the minimal initial salmonella population necessary to
colonize the intestine, and the initial proportion of avirulent salmonella. If the switching
rate is known, then the corresponding 5,,;, value in Figure 2.6B represents the predicted
minimal necessary salmonella invasion force, and the corresponding x value in Figure 2.6C
provides a prediction of the optimal initial proportion of avirulent cells. For example, if the
switching rate is found to be 0.4 hr~!, then avirulent cells should make up about 43% of the
initial salmonella population, and the minimal necessary invasion force S,,;, is predicted by
our model to be above half the size of the established commensal population. Similarly, if
the initial proportion of avirulent cells in the salmonella population is known, then Figure

2.5B predicts the value of S,,;,, and Figure 2.5C predicts the optimal switching rate d,.

Since salmonella must survive outside of a host after being expelled, and the environment
outside of the host is drastically different from the environment within the host, there is rea-
son to believe the salmonella population would do better entering this non-host environment
with a potentially different proportion of avirulent cells then that with which it invades. If
we make the further assumption that the salmonella exit the host with a certain proportion
of avirulent cells, we can still make analogous predictions about the expected switching rate
and the smallest salmonella invasion force necessary to outcompete the commensals. Of
course, the additional requirement will cause the minimum necessary initial salmonella size
to become larger than that determined in the unconstrained case, but the increased chance

to survive outside of the host could make up for this disadvantage.

The optimization method that we have introduced can be applied to any bistable system,
and is generalizable to multi-stable systems, as long as a necessary and sufficient condition
for each outcome, analogous to crossing the identity line in our example, can be formulated.
In this way, the method must be problem-specific, as a condition that works for one sys-
tem might not work for another. However, the ease with which such a condition can be

implemented makes this method simple and attractive.
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Future work can enhance the above analysis in several ways. Most notably, we made
the simplifying assumption that the rate of virulence factor activation in S. Typhimurium is
constant; however, Sturm et al. [86] showed that this switching rate can increase over time.
It seems reasonable to assume that the switching rate might be proportional to the number of
macrophages present, and to optimize such a rate would require techniques from variational
calculus. Further, we have considered only temporal dynamics, corresponding to interactions
in a small, localized region in the gut. A natural extension of the model would be to include
both more aspects of the physiology involved, such as the blood, lumen, and so on [5]),
and spatial aspects of bacterial interactions, which may allow virulent bacteria to invade
successfully in some locations but not others. The coexistence of avirulent and virulent
phenotypes itself raises an evolutionary question: how did the virulence factor-activating
ability of the avirulent cells evolve? It may be possible to investigate this question through

stochastic evolutionary models.

2.7 APPENDIX

To determine the minimal initial salmonella population size necessary to outcompete the
commensals, we rescale time by ¢ = 7s to transform system (2.4) to the following boundary

value problem:

U = 7(U(gy —a(C+V)=yU +opf(V)— kM —d,)) (2.7)
V= 7(Vigy —a(C+U) =4V +ovf(V) = (k —rv)M) + d,U)

C'" = 7(Clgc —a(V+U)—~C +acf(V) — kM))

P = aM — ppP

D' = gp— (bpP +byV + pV + up)D

M' = 71((bpP(M) +byV)D(V,M) — (0y'V + par) M)

d = 0
V) = —
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d

where ' = -, and
S

U(0) = x5,
V() = (1-x)5

C0) = go/v (2.8)
P0O) = 0

D(0) = gp/up

M) = 0

C(1) = U1)+V(Q).

where 7 is a large positive number that we choose.

Here we consider d, as a stationary variable instead of a parameter. Since we are mini-
mizing Sy, it might seem more natural to allow Sy to be a stationary variable and leave d,
as a parameter that we can vary. Solving such a boundary value problem and continuing the
solution over varied d, in AUTO results in solutions as in Figure 2.9A, where the minimum
value of S,,.. appears as a local minimum. Unfortunately, bifurcation continuation methods
cannot continue along minima, as minima are not bifurcations. Treating d, as a variable
allows us to identify folds in the solution of the boundary value problem (2.7)-(2.8) where
the derivative of d, with respect to Sy becomes unbounded. Such a fold is shown in Figure
2.9B. Solving the boundary value problem in this setting therefore allows us to continue the
solution over a new parameter; in particular, we can continue the solution in x to determine

Smin - Hzliln Snec(dra I)
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Figure 2.9: Minimal salmonella population sizes necessary in successful invasions, derived
using boundary conditions (2.8). A. The S, value obtained by solving system (2.4) together
with S{ = 0 and boundary conditions (2.8) over a range of d, values. The bifurcation
continuation software AUTO cannot continue along minima, and so this solution cannot be
continued along a new parameter. B. The d,. value obtained by solving system (2.7) with
boundary conditions (2.8) for varied Sy. = Sp. Here, the minimum value of S,,.. with respect
to d,. is given by a fold bifurcation, which allows us to continue to track the minimum as z

is varied in AUTO.

We seek the critical value of Sy so that beginning with any initial salmonella population
size below this value results in the commensals outcompeting the salmonella, while initial
salmonella population sizes above this level yield successful invasion. Our method to deter-
mine this value is based on the description in Section 2.2. After rescaling time, solutions to
the boundary value problem (2.7)-(2.8) for fixed Sy and x return a value of d, for which we
have C'(1) = U(1) + V(1), where C, U, and V are now considered functions of rescaled time
s. Consequently, we are really searching for the value of d, for which Sy = S,cc(d,., x). If Sy
is any larger for the fixed = and d,, then U(sg) + V(sg) = C(sg) for some 0 < sy < 1 and
if Sy is any smaller, then the combined population U 4 V' will not match C' before s = 1,
and possibly never will. Analogous to the treatment of system (2.2) in Section 2.2, we can
approximate the critical value of Sy within arbitrary precision by taking 7 sufficiently large.
We take 7 = 20, which seems to be large enough to provide an accurate approximation of

the critical Sy, as seen in Figure 2.10.
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10 15 20 25 30

Figure 2.10: Justification for the choice of 7. The value of d, in the solution to system
(2.7) with boundary conditions (2.8) remains near its asymptotic value around and beyond

7 = 20. Here, x = 0.5 and Sy = 0.652.

Similarly, in order to minimize S,..(d,, z) over x for fixed d,., we consider the following

system:

U = 7(U(gy —a(C+V)=~U + oy f(V) — kM — d,)) (2.9)
Vi = t(V(gy —a(C+U) =4V +ov f(V) = (k —rv)M) 4+ d,U)
C" = 7(C(gc —a(V+U)—~C +ocf(V)—kM))
P = aM — upP
D" = gp— (bpP +byV +pV + up)D
M = 1((bpP(M)+byV)D(V, M) — (6v'V + par) M)
¥ =0
oV
1+ V7
The technique to solve the boundary value problem (2.9) with boundary conditions (2.8) is
identical to that described above, with the roles of d, and z switched.
To add the constraint that the final proportion of avirulent salmonella is equal to the
initial proportion of avirulent salmonella (or any fraction S of the initial proportion, al-

though we set 5 = 1 here), we restrict our (d,, z) parameter values to only those such that
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x = U*/(U*+V*), where (U, V,C,M) = (U*,V* 0, M*), U*,V* > 0 is the steady state
corresponding to a successful invasion. We find such parameter pairs by continuing this
steady state along d, and setting z = U*/(U* + V*) = U*(d,)/(U*(d,) + V*(d,)) for each
fixed d,. Since we do not have an analytical form for this steady state, we load the d, and
corresponding x = U*/(U* 4+ V*) values into XPPAUT as functions of a new parameter g,
so that (d.(q),x(q)) preserves the equality zini = T fina for all . We then solve the system

U = 7(U(gy —a(C+V)=yU+ouf(V)— M —d,)) (2.10)
Vi = 7(V(gy —a(C+U) =V + oy f(V) = (k = rv)M) + d,U)

C'" = 17(Cgc — a(V4+U)—~+C+ocf(V)—M))

P = aM — upP

D' = gp— (bpP +byV + pV + up)D

M = 7((bpP(M)+byV)D(V,M) — (0y'V + pp ) M)

Sy = 0

oV

1+V’

with boundary conditions (2.8) in XPPAUT. Here there is no advantage to treating x or d,
as a stationary parameter in place of Sy, as our parameter space (d,, z) = (d,, z(d,)) is now
one-dimensional, and consequently we need only vary a single parameter to find the global
minimum S,,;,. We continue the solution of the boundary value problem in AUTO over
varied ¢, from which we can extract the corresponding d,(q) and z(q) for each ¢, and the

result is plotted in Figures 2.8A and B.
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3.0 INTERACTIONS OF SOLITARY PULSES OF E. COLI IN A
ONE-DIMENSIONAL NUTRIENT GRADIENT

3.1 INTRODUCTION

In 1970, Evelyn Keller and Lee Segel proposed a mathematical model to analyze the aggrega-
tion process of slime mold [46]. In the following year, they derived a general model describing
the collective dynamics of populations that move by chemical sensing, or chemotaxis [47].
This so-called Keller-Segel model has provided a cornerstone for the mathematical study of
the collective behavior of biological species. Since its inception, the Keller-Segel model has
been applied to approximate the dynamics of a variety of species, from slime molds such as
Dictyostelium discoideum to bacteria such as Fscherichia coli to insects such as the fruit fly
Drosophila melanogaster [39, 41, 51]. Many adaptations have been developed to include addi-
tional biological realism, such as signal-dependent sensitivity [50, 77] or non-local sampling of
a chemical [39, 58]. The primary biological questions addressed by these models are typically
centered around describing aggregation processes [46], pattern formation [12, 40, 41, 62], and
the development of traveling waves [42, 48, 56], while the mathematical questions typically
concern existence of solutions and conditions for finite-time blow up [39, 41, 85]. Here we
use such a model to address a different problem: analyzing the transient dynamics of two
interacting pulses of bacteria in a nutrient gradient.

In Section 3.2, we present experimental results due to the Salman laboratory at the
University of Pittsburgh demonstrating the dynamics of two interacting FE. coli populations
in a nutrient gradient. When two E. coli populations are placed on opposite ends of a long
channel with a supply of nutrient between them, they travel as pulses toward one another

up the nutrient gradient. Interestingly, in some cases they will change direction and begin
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moving away from each other and the nutrient back towards where they started. Because
the two bacterial populations move by chemotaxis up the nutrient gradient and they both
produce the same chemoattractant to which they are mutually attracted, it seems reasonable
that they should always continue moving inward toward one another, meet in the middle,
and subsequently combine into a single, unified population. As this is not the case, we use a
Keller-Segel model that includes an external nutrient source to elucidate mechanisms behind
this unintuitive direction switch. External gradients play an important role in collective
behavior of species that move by chemotaxis. For example, it has been shown that an
external nutrient gradient can give rise to a traveling pulse in a bacterial population [75].
Temperature and oxygen gradients have also been shown to influence the collective dynamics

of such populations [21, 24, 71, 72].

Pulse-pulse interaction has also been studied in a number of reaction-diffusion equations,
including the Gierer-Meinhardt and Gray-Scott models [25, 27, 87]. In [25] and [87], the au-
thors use asymptotic approaches to derive approximate ordinary differential equations for the
distance between the center of pulses. We do not use formal asymptotic estimates to derive
approximations for the center of the pulses here, but instead make a straightforward heuristic
approximation to the spatial profile of each pulse using a Gaussian distribution. From this
assumption, we are able to derive a system of ODEs approximating the temporal dynam-
ics of the center of mass and the width of the pulses. Analysis of the Keller-Segel partial
differential equations model is complicated by finite-time blow up of solutions and numer-
ical difficulties. By contrast, our ODE system eases linear stability analysis of equilibrium
states and numerical simulation, and even allows phase plane analysis in some situations.
In these ways, our approximation facilitates analysis of the global dynamics of the bacterial
system and allows us to efficiently explore the qualitative behavior changes across variations

of parameters.

This chapter is organized as follows: in Section 3.2, we present experimental results
due to the Salman laboratory highlighting this unusual result in which two identical E.
coli populations can turn around rather than combine. Next, in Section 3.3, we show that
the classic Keller-Segel model for bacterial chemotaxis captures the experimentally observed

behaviors. In Section 3.4 and 3.5, we show that our approximating system agrees with the
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Keller-Segel model in predicting that bacterial accumulation is the result of an instability
of the uniform state that occurs when the bacterial population size gets sufficiently large.
In Section 3.6, we use our approximation to analyze parameter conditions that lead to turn

around of the bacterial populations and conditions that cause them to combine.

3.2 EXPERIMENTAL RESULTS

Wild type FEscherichia coli (E. coli) RP437, expressing either yellow fluorescent protein
(YFP) or red fluorescent protein (tdTomato) from a medium copy number plasmid (pZA)
under the control of the constitutive A-promoter, were grown in M9 minimal medium sup-
plemented with 1g/l casamino acids, and 4g/1 glucose (MICG) at 30°C until early expo-
nential growth phase (Optical Density at 600nm (ODgoonm) = 0.1). The cultures were then
centrifuged for 5 minutes at 10,000 rpm, and resuspended in fresh M9CG medium at an
ODgoonm=0.3. Each of the bacterial cultures was loaded onto one end of a set of ~2cm long,
thin channels (800 pm wide, 20-25 pum deep) fabricated in polydimethylsiloxane (PDMS)
and adhered to a microscope glass slide (Figure 3.1A). The channels were pre-filled with
fresh MICG medium. The sample was then mounted onto an inverted microscope (Zeiss
Axiovert 40 CFL), and the bacteria were observed in fluorescence mode using a 2.5x objec-
tive. Shortly after loading the bacterial cultures onto the slide (~ 10 — 20 minutes), a sharp
accumulation peak appeared at each end of the channel, which then proceeded to advance
as a pulse towards the center of the channel following a food gradient created by the bac-
terial consumption at the densely populated ends (for more details about this phenomenon
see for example [59, 72, 75]). The dynamics of both bacterial pulses was recorded, each in
its correspondent fluorescence colors, at a rate of 1 image/9 seconds using a charge-coupled
device (CCD) camera (Progress MF, Jenoptik). The fluorescence profile reflecting the bac-
terial concentration along the channel was measured using ImageJ (NIH). For each of the
examples presented in Figure 3.1B and C, the fluorescence intensity is depicted in units of
the maximal measured fluorescence at the peak of the concentration and the background

was subtracted for better comparison.
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Figure 3.1B and C displays only a ~3.5mm long section of the channel where the two
populations meet. These results show that upon collision between the two populations,
two outcomes could occur. In the first (Figure 3.1B), the two populations combine and
move together towards one end of the channel or sometimes (data not shown) stay at the
collision location, while their accumulation peak reduces in amplitude and widens gradually
by diffusion. In the second case (Figure 3.1C), the two populations’ peaks never meet; rather,
they approach each other initially and then bounce back, each towards the end of the channel

where they originated.
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Figure 3.1: Experimental results (these data were collected by the Salman laboratory). (A)
The experimental setup: a set of narrow channels (800umx20um), 2 cm long, microfabri-
cated with polydimethyl-siloxane (PDMS) using the common techniques [59] and adhered
to a microscope slide by plasma cleaning, while leaving both ends open for loading the bac-
teria. (B and C) Examples of the fluorescence intensity profile along the channel measured
for both red and green bacteria as indicated by the color of the plot and at different time
points marked in the graph. In (B) the two bacterial pulses advance towards each other and
when they meet, they combine and move together towards the left end of the channel. In
(C) the two pulses bounce back and move towards their original end of the channel. (D and
E) The position of the peaks of the bacterial pulses over time. (D) corresponds to the data
from panel (B) and (E) corresponds to the data from panel (C).
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3.3 KELLER-SEGEL MODEL

We use an adaptation of the classic Keller-Segel model of chemotaxis to approximate the
spatio-temporal dynamics of the above experiment. We denote by b(¢, x) the bacterial density
at time ¢ and spatial position x. The cell density moves both by linear diffusion and by
chemotaxis up a chemical gradient. A full derivation of the differential equations modeling
such dynamics can be found in, for example, [39, 41]. Here we consider the effects of two
chemical densities: a chemoattractant (glycine) produced by the bacteria, a(t,z), and an
externally added nutrient, ¢(¢,z). We assume that the chemoattractant is produced by the
bacteria at constant rate r and naturally degrades at rate §, and that the bacteria consume

the nutrient at constant rate x. Under these assumptions, the model we study is as follows:

o P~ Y] iz 1]

ot~ taxr” Moz |Yox| T Xor |V
@ = Da@ +1rb—da
ot ox? (3.1)
% =D @ — kbo
ot a2
wl | _o
Ox 2=0,1 Ox 2=0,1 Ox 2=0,1

where the parameters are defined in Table 3.1.

We impose minimal biological assumptions on our model: we ignore any effects of cell
physiology on chemical sensing, such as signal-dependent sensitivity, and any cell kinetics.
The basic Keller-Segel model (3.1) captures the qualitative behaviors observed experimen-
tally and is therefore a reasonable approximation of the F. coli system studied. We note that
the receptor-binding adaptation to the Keller-Segel model (model (M2a) in [39]) produces
similar qualitative results as we present in this paper, though we do not present those results

here.

For the purpose of differentiating between two populations of bacteria in numerical sim-
ulations, we include in our model two identical populations of bacteria, b; and by, that

each produce the same chemoattractant, a; and as, respectively. These variables are only
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differentiated by their initial distributions and are otherwise identical:

Gbl . 82b1 0 8(@1 + &2) 0 8(;5
o - g ey {bl—ax ~Xegy Mg
(9[?2 . 82172 0 8(a1 + &2) 0 8q§
o P Xy {bQT BRI
Oa 0%a
8; = Da ax; + T'bl — 5(11
6@2 82&2 (32)
0t = Da axz —|—7“bg 5(12
0¢ 0%
E = D¢% — /ﬁ](bl —+ bg)qb

3b172 _ 8@172 % _ 0

Oz 2=0,1 Ox 2=0,1 Oz 2=0,1

Importantly, the dynamics of the two population model are identical to those of the single
population model because the system is linear in b and a. That is, if b = b; 4+ by and
a = ay + ao, then the system of differential equations governing the dynamics of b, a, and ¢
is exactly system (3.1).

We nondimensionalize model (3.2) as follows:

by = Nby; by = Nby; ay = Kay; a1 = Kay; ¢ = Mo, r=1x/L,

where N, K, and M are large numbers of approximately the same size of the maximum
size of the bacterial, chemoattractant, and nutrient populations, respectively, and L is the
domain length. After nondimensionalization, the parameter values we use are those given
in Table 3.1. The natural dimensions (before nondimensionalization) are included. After

! and the spatial domain is the unit

nondimensionalization, all parameters have units s~
interval. For simplicity, we immediately replace the nondimensionalized symbols l~)1, I~)2, ai,

Gy, &, and 7 with by, b, a1, as ¢, and z, respectively, in the nondimensionalized system.
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Parameter Value Natural dimensions

D, Diffusivity of bacteria 0.001 space?-time~!

D, Diffusivity of attractant 0.03  space?-time~!

D, Diffusivity of nutrient 0.03  space?-time~!

Yo Chemotactic sensitivity to attractant 0.025 space?-time~!-mol~!

X¢ Chemotactic sensitivity to nutrient 0.015 space?-time~!-mol~!

r Production rate of attractant by bacteria 0.05  mol-bacterium—!- time™!

) Natural decay rate of attractant 0.005 time™!

x  Consumption rate of nutrient by bacteria 0.001  (bacterium/space)!-time™!

Table 3.1: Parameters used in model (3.1).

We initialize all simulations with the two populations accumulated on opposite ends of
the spatial domain. We assume that sufficient time has passed so that the bacteria have
consumed the nutrient at the densely populated regions at the ends of the domain so that
the nutrient concentration is initially distributed as the symmetric sigmoid function given

by
5(0. 1) = ¢o/(1 4+ exp(—100z +10)) :0<x<0.5 | (3.3)
¢o/(1 +exp(100z —90)) :05<x <1
where ¢ is a parameter. Without the external nutrient, the bacterial populations would
remain accumulated at their respective ends of the domain, maintaining a concentration of
chemoattractant, and would not travel inward.
A population evolving according to a Keller-Segel model can only form a nontrivial
pulse if the population size is sufficiently large relative to model parameters [26, 39, 41, 55].

Below this critical threshold, the only solution is the uniform solution, b = b;,; =constant,

a = rbyy /5. Model (3.1) in particular predicts that in order to maintain a nontrivial pulse,
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the total amount of bacteria must be greater than the critical threshold defined by

. Dy[(km)?Dy + 6
bioy = b[( 7’)X ]7 (3.4)

where k is any positive integer (see Section 3.8.1 in the Appendix for details) [26]. The
nutrient does not come into play here because ¢ = 0 in the uniform state.

Below threshold (3.4), the bacterial population cannot maintain a pulse-like solution.
Figure 3.2 shows an example of a simulation of model (3.2) when the combined bacterial
population size is less than threshold (3.4). The two populations initially form pulses and
move up the food gradient toward the center, but eventually lose their pulse-like shapes and

diffuse out to uniformly fill the spatial domain.
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Figure 3.2: Bacteria dynamics with population size below critical threshold (3.4). The two

populations initially move up the nutrient gradient but cannot maintain a pulse-like profile.

When the total amount of bacteria exceeds threshold (3.4), the bacterial populations
will asymptotically form a pulse along one or both of the boundaries of the spatial domain.
For consistency with experiment, we will only consider bacterial population sizes above this
threshold.

Figures 3.3 and 3.4 show examples of simulations of system (3.2) that capture the two
qualitatively distinct results observed experimentally. In Figure 3.3, the two bacterial popu-

lations move up the nutrient gradient toward one another until they meet and combine into a
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single pulse, which propagates to one end of the domain. In Figure 3.4, the two populations
initially move up the external nutrient gradient but eventually change direction and move
backwards toward the chemoattractant that is accumulated near the boundaries. The only
difference between the two outcomes is the initial amount of nutrient: the simulations shown

in Figure 3.3 begin with more nutrient than those shown in Figure 3.4.
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Figure 3.3: Bacterial pulses combine under the dynamics of system (3.2). The two popu-
lations move toward one another up the external nutrient gradient until they collide and
combine to form a single pulse, which ultimately moves to and accumulates on the left wall.
The initial food profile is given by the reflected sigmoid (3.3) with ¢y = 20. (A) Snapshots of
the bacterial profiles at different times. The arrows indicate direction of motion. By ¢ = 30,
the two populations have combined and behind moving toward the left boundary. (B) The

positions of the peaks of the bacterial pulses over time.
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Figure 3.4: Bacterial pulses turn around under the dynamics of system (3.2). The two
populations initially move toward one another up the external nutrient gradient. Through a
combination of diffusion and consumption, the nutrient gradient quickly becomes sufficiently
weak so that the two populations are both attracted backward toward the chemoattractant
they left behind. Here the initial food profile is given by the reflected sigmoid (3.3) with
¢o = 18. (A) Snapshots of the bacterial profiles at different times. Arrows indicate direction

of motion. (B) The positions of the peaks of the bacterial pulses over time.

Though these outcomes result from a change in the initial abundance of the nutrient, we
note that we can produce similar results by changing other model parameters. For example,
if we start from conditions that result in the two populations combining, we can always
reduce the chemotactic sensitivity of the bacteria to the nutrient, x,, and cause the two
populations to turn around. On the other hand, this parameter is unlikely to change from
experiment to experiment, and therefore cannot be the reason we observe different outcomes
on different trials.

We seek to determine possible causes of these distinct outcomes. We observe that both
the combination outcome and the turnaround outcome can be characterized by the relative
position of the center of mass of the two bacterial populations: if the centers of mass coalesce,
the two populations have combined; if they change direction and accumulated along the
opposite boundaries of the domain, the two populations have turned around. In the following
section, we derive a system of ordinary differential equations (ODEs) describing the dynamics

of the size, center of mass, and variance of the spatial profile of each variable. By explicitly
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considering the dynamics of the center of mass, this model facilitates exploration of parameter

spaces related to the transient behaviors of the bacterial populations.

3.4 GAUSSIAN APPROXIMATION OF A ONE POPULATION SYSTEM

Here we consider the temporal dynamics of the spatial moments of each variable in a one
bacterial population Keller-Segel model (3.1). The i** moment, i = 0,1,2,..., of the spatial
profile of variable s € {b, a, ¢} is defined by

si(t) = /_OO r's(z,t)dx.

o0

We are primarily concerned with the size, center of mass, and variance of each population.
The size of population s is simply sg, the zeroth moment of that population. The center
of mass is given by the formula pu, = s;/so, and the variance is given by o2 = s9/s9 — 2.
Each of these quantities is a function of time only, and therefore differentiation produces
an ordinary differential equation describing the temporal dynamics of that quantity. For

example, the differential equation governing uy is

d

= [b1/bo]

1 [>0

~ ) [zb(t, x)] dx
1 [~ 0?b d [ 0a J¢

%_mmﬁﬁw o %wl a{%ﬁ)“ .
1 D b b@ / D b aa b%d '
bo ba — Xa O —oo b Xa 8 — Xo¢ o T
1

-1 [o D>+ xa<baw>+><¢<b¢w>}
0

o Xa<bax> + X¢<b¢x>
= bo ,

where 1/by factors out because by is a constant (see system (3.6), below), the boundary terms

:/Zf@M@Mx
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Similarly differentiating the eight remaining variables produces the following system of

nine ODEs:
b() =0

do = Tbo — 5@0

ng = —k(bp)
. Xa(baac> + X¢<b¢x>
oy =
bo
. rbo
Ha = a_o(,ub - ﬂa) (36)

ftp = ——((wbd) — p1g(bg))
Xa{(7 — pp)baz) + xo{(x — 115)b)

67 = 2Dy + 2
bo
72 = 2D+ 0 (07 — 02+ iy — o))
0
. K
5 = 2D + o= (93(66) = {(@ = 15)"09))

The two terms on the right hand side of equation (3.5), x.(ba,) and x4(bg,), are mixed
moments, which cannot be found without knowing the spatial distribution of each population.
Indeed, the differential equation for each moment of each variable will generally depend on
higher or mixed moments, and we therefore require a method of moment closure.

We observe that the spatial profiles of the bacterial populations in the Keller-Segel model
(3.2) both maintain pulsatile, fairly symmetric, Gaussian-like appearances when accumulated
in the interior of the spatial domain (see Figures 3.3 and 3.4). We therefore approximate

the spatial distribution of each population s(t,z) € {b(t, ), a(t, x), ¢(t,x)} by

038\0/7? exp (M) . (3.7)

Further, because the pulse-pulse interaction occurs within the interior of the domain, we

s(t,x) =

ignore boundary effects by considering the system on the infinite real line. Approximation
(3.7) allows us to evaluate each integral that appears in system (3.6), resulting in an explicit
system of ordinary differential equations. In this way, the approximation acts as a method
of moment closure.

The behavior of the dynamic variables in system (3.6) describe important aspects of

the dynamics of the populations considered in the Keller-Segel model (3.1). In particular,
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a change in the direction of y;, (that is, the sign of ji;,) corresponds to a direction reversal

of the bacterial population. Similarly, if ¢ is nonzero and small, then the bacteria form a

pulse; if o7 tends to infinity, then the bacterial population diffuses out to a uniform state.
Unless otherwise specified, the initial conditions and parameter values used are those

given in the Table 3.2.

Variable Initial condition Natural dimension

bo  Total bacteria 3 bacterium
ap  Total chemoattractant rbo/d mol
¢o Total nutrient 35 mol
1y Center of mass of bacteria 0 space
te  Center of mass of chemoattractant 0 space
tte  Center of mass of nutrient 0.5 space
o2 Variance of the bacteria profile 0.005 space?
o2 Variance of the chemoattractant profile 0.2 space?
o  Variance of the nutrient profile 0.1 space?

Parameter Value Natural dimension
D, Diffusivity of bacteria 107° space?-time ™!
D, Diffusivity of attractant 0.0002 space?-time ™!
D,  Diffusivity of nutrient 0.0002 space?-time ™!
Yo Chemotactic sensitivity to attractant 0.00025 space®-time~!-mol !
X¢ Chemotactic sensitivity to nutrient 0.0002 space3-time~!-mol !
r Production rate of attractant by bacteria 0.05 mol-bacterium—!-time*
) Natural decay rate of attractant 0.005 time ™!
x  Consumption rate of nutrient by bacteria 0.001 (bacterium /space) ! -time™*

Table 3.2: System variables and parameters used in system (3.6).

Before we explore the mechanisms responsible for the turnaround of the bacteria in a one-

dimensional nutrient gradient, we explore the extent of the qualitative agreement between
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the Keller-Segel model (3.1) and system (3.6).

3.4.1 Stability of uniform state

While we cannot expect perfect quantitative agreement between model (3.1) and system
(3.6), we can confirm that (3.6) reproduces key qualitative behaviors of (3.1). We first
consider the linear stability of all equilibrium points of system (3.6). The differential equation
for p, indicates that we must have u, = p, at any equilibrium point, but the specific value
of these two variables is arbitrary (in other words, the bacterial and chemical pulse must
accumulate around the same spatial coordinate, but that coordinate can be anywhere). We
therefore introduce the relative coordinate p = p, — p,. Further, we note that any steady
state requires ¢y = 0. Under this transformation and condition, evaluating the integrals

remaining in system (3.6) after imposing assumption (3.7) produces

60:0

dOZTbO—5a0

. —2Xa00 —M2 b
= exp| ——= ) — —
P Va2 +o22 P\ o202 ) gy | (3.8)
2 2
Xa@00p 2 2 o5 2 —H
it o (oot — ) oo (G )

b
6% = 2D, + %(02 — o2+ P).
0

67 = 2Dy — 2

From the first two equations, any fixed point of this system must satisty b = constant
and afy = b} /0. Since the term inside the brackets in the 1 equation is strictly negative, any

fixed point must also satisfy p = 0. The remaining two-variable system is

Xarbiﬁaf
V(o + 07)3?

62 =2D, + (o} — o2).

%= (Db B (3.9)

The generic cases of the nullclines for system (3.9) are plotted in Figure 3.5. In Figure
3.5A, the total amount of bacteria is by = 0.01 and the system contains no fixed points. The
variance of both populations generically blows up to infinity as time gets large for any initial

condition; that is, the bacterial population will always diffuse out into a uniform state if the
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population size is too low. As by surpasses some critical threshold b, the system undergoes
a saddle-node bifurcation (Figure 3.6). In Figure 3.5B, by is increased to 0.012, and a
stable node and a saddle point now exist. The stable equilibrium point is analogous to the
pulse solution of system (3.1): the bacterial population and its chemoattractant accumulate
around the same center of mass (u = up — pe = 0) with a small variance around this point.
Consequently, the threshold b is analogous to the critical threshold (3.4) of the Keller-Segel
model (3.1), above which the bacteria are able to aggregate into a pulse. In the approximate
system (3.6), however, if the initial bacterial variance that is too large (that is, to the right of
the separatrix of the saddle point), then the variance of both populations increases without
bound. This case is analogous to the system diffusing out to the uniform solution, and so
system (3.6) is generically bistable when by is above a critical threshold.

0.4 0.4

2v= 1 2'= .
—c2 0 —2 0

N 0.2/ :.
0.1/ N
(B)
% 0.1 0.2 03 0.4 03 0.4
2 2
0b Gb

Figure 3.5: Phase plane of system (3.9) describing steady states of the Gaussian approxima-
tion system. (A) The bacterial size by = 0.01 is below the critical threshold b§. Trajectories
approach the o2-nullcline and then both 02 and ¢} tend to infinity. (B) The bacterial pop-
ulation size by = 0.012 is above the critical threshold b5. The left-most equilibrium point is
a stable node. The right-most equilibrium point is a saddle, the stable manifold of which
is shown as the green curve. To the left of this stable manifold, trajectories tend toward
the stable node, and the bacteria consequently form a pulse. To the right of the manifold,
trajectories tend to infinity, and the bacteria diffuse out to the uniform solution. Arrows in

both panels indicate the direction of flow.
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Figure 3.6: Bifurcation diagram of system (3.9). The green curve corresponds to the o}

coordinate of the stable node, and the red dashed curve corresponds to the o7 coordinate of

the saddle point. The o7 coordinate of the saddle point increases with by, and consequently

the separatrix in Figure 3.5 gets pushed farther to the right.

We can explicitly calculate the critical population size bf at which the saddle-node bi-

furcation occurs as a function of system parameters. The nullclines of system (3.9) intersect

when

Xcﬂ”boffg
V(202 + 2D, /8)3/?

Db_ :O,

or equivalently,

D,  X*r*b}
(07)* + <37 - 87r5—2DO§ (07)? + 52 O T 5

When
gDa  xar’y _ 15D,
) 8%52DZ 4§’

Equation (3.10) can be written

D? D3
oo Da (3.10)

(3.11)



and therefore equation (3.11) is the condition for when the two positive roots of (3.10)

coalesce. This condition gives us the critical bifurcation value for by,

Dy\/547 D0
by = VTl (3.12)
TXa
If by > b, then equation (3.10) has two roots and a stable pulse solution of system (3.16)
exists, and if by < bf, then the equation has no roots and the uniform state is the only

asymptotic solution of the system. Comparison to the critical value of b in the Keller-

Segel system (3.1),
Db(7T2Da + 5)

TXa ’
shows that a change in any of the system parameters for (3.6) produces the same qualitative

effect on the threshold as in the PDE model (3.1).

btot —

In the following section, we introduce a similar approximation to the dynamics of a two-
population system and show that the asymptotic dynamics and critical threshold remain

qualitatively unchanged.

3.5 TWO-POPULATION GAUSSIAN APPROXIMATION

For the purposes of analyzing the behavior of interacting bacterial populations, we introduce
a second bacterial population S and corresponding chemoattractant concentration «, both
of which we again assume maintain a Gaussian profile. The dynamics governing b and f3
are identical: both are mutually attracted by chemotaxis up both chemoattractant gradients
and the nutrient gradient and they diffuse at the same rate. With the addition of these

variables, the system we study becomes
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do = 7”60 — (50[0

do = —w(b) — w(B0)
_ Xalbas) + xa(bois) + xo(b6)

1

bo
/la = Z_b(;)(:ub - ,uzz)
_ Xa(Baz) + XalBaw) + Xo(BPs)
fig =
Fo (3.13)
. 7Bo
[to = a_()(,uﬁ — ta)
fis = ——((wbd) — 15 (bd)) — —((£Be) — 1g(BS))

bo
((z = p)baz) + Xa (& = p)bz) + Xo((x — 11)0¢x)
bo

Po
62 = 2D, + 22

03 =2Da + — (0} — o0 + (11 — t1a)?)

(7 = ps)Baz) + xal(® — ps)Bo) + xo((x — p15) Bd)
Bo

62 = 2D, + 22¢

. 50
o2 = 2D, + —— (05 — 04 + (s — p1a)?)

(05(b0) + o3 (Bo) — ((x — 116)°b) — (2 — p1)*B)) -

K

-2
o5 =2D, +
¢ * " %

We will first show that the asymptotic dynamics of system (3.13) are qualitatively the
same at the analogous one-population system (3.6), namely that any equilibrium point of
system (3.13) requires that p, = ppg = fla = fo. As in system (3.6), the external nutrient
population is entirely transient, ¢y — 0 as t — oo, so the nutrient will not affect asymptotic
stability. From the first four equations of system (3.13), we have that af = rbj/d and

af = rp/d at any equilibrium point, where bf and 5§ are constants. Moreover, the y, and
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[l equations require that p, = p,, and pg = p,, respectively. We introduce the relative

center of mass coordinate (3 = jtp — pg, which is then governed by the differential equation

P 2xarBo (1 — fla) exp — (i — pa)? N 2XarDo(t1s — Ha) exp —(pp — p1a)?
bé dy/m(0f + 02)3/2 o+ 02 0/m(0f + 02)3/2 0%+ 02

_ arBolpn = pa) = = 1s)*\ . 2xarbolps — ) exp | —#8 )
d/m(of + 02)3/2 o + o2 0/m(0 + 02)3/2 0%+ 02

_ 2XarBotus exp —His n 2Xarbo(—4vs) ox —flpg
d/m(0f + 02)3/2 o + o2 0/m(0 + 02)3/2 0%+ 02

2
_(_ 2Xa7Bo exp Mg\ 2Xarbo exp —Hpg
o/m(0F + 02)32 02+ 02)  oy/m(ol+ a2)2 o2 +a2) )
(3.14)
The expression multiplying s is strictly negative, and so [z = 0 if and only if 1z = 0.
We have therefore shown that, at steady state, we must have u, = , = pug = pa-

The remaining dynamical variables are governed by the system

XaTbo0} _ XaT o0
Ov/m(oy +02)%2  o/m(oy + 03)*?

62 =2D, + (0} — 02)

a

6% = 2Dy — 2

Xarboaé Xarﬁoff?g (3.15)

—2
Ov/m(of +02)32  “oy/m(0f 4 02)3/?
6o = 2D, + 6(0f — a?).

If we make the additional simplifying assumptions that the two bacterial populations

65 =2D, —2

are of the same size (that is, by = [y) and have the same initial variance, and the two
chemoattractant populations have the same initial variance, then the first two equations are
identical to the second two equations in system (3.15), and consequently o7 = og for all time
(these assumptions ease analysis but are not necessary to achieve the results presented below;
see Discussion). Imposing these conditions, system (3.15) reduces to the two-dimensional

system

arboo;
ngZ(Db—Z Xa720% )

d/(o} + 02)3/2
62 =2D, + 6(o} — o2).

a

(3.16)
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This system is nearly identical to system (3.9), the only difference being that the second
term inside the parentheses in the first equation is doubled in (3.16) because there are now
two bacterial populations producing chemoattractant. System (3.13) therefore produces the
same saddle-node bifurcation structure as the one-population system (3.6). We note that
the same bifurcation will occur if the two populations are not of equal size, though the
mathematical details become tedious and no more informative than this simplified case.

As with model (3.2), we will only consider regimes under which the bacterial popula-
tion maintains a size above the critical threshold bj and can therefore maintain a pulse.
Two example outcomes of simulations of system (3.13) demonstrating agreement with the
experimentally observed outcomes are shown in Figures 3.7 and 3.8. The only difference
between the two simulations was the initial condition for shared nutrient, ¢y. In Figure 3.7,
¢0(0) = 35, and the two populations combine; in Figure 3.8, ¢o(0) = 25, and the two popula-
tions turn around and separately accumulates into meta-stable pulses (see Section 3.6). The
parameters chosen in both simulations are those in Table 3.2. The results shown in Figures
3.7 and 3.8 are consistent with the results from Section 3.3 of simulations of the Keller-Segel
model (3.2): increasing the initial amount of external nutrient caused the bacteria to switch
from a regime in which they turn around to one in which they combine (Figures 3.3 and

3.4).
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Figure 3.7: Bacterial pulses combine under the dynamics of system (3.13). The two pop-
ulations move toward one another up the external nutrient gradient until they collide and
combine to form a single pulse. The initial amount of nutrient is ¢¢(0) = 35. (A) Snap-
shots of the bacterial spatial profiles at different times, given by (3.7). The arrows indicate

direction of motion. (B) The positions of the peaks of the bacterial pulses over time.
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Figure 3.8: Bacterial pulses turn under the dynamics of system (3.13). The two populations
initially move toward one another up the external nutrient gradient but later change direction
and move back toward their own accumulated chemoattractant to form separate meta-stable
pulses. The initial amount of nutrient is ¢o(0) = 25. (A) Snapshots of the bacterial spatial
profiles at different times, given by (3.7). The arrows indicate direction of motion. (B) The

positions of the peaks of the bacterial pulses over time.

Our simulations confirm that a change to the initial amount of available nutrient can
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cause a change in the outcome of the bacterial interaction. Variations in other parameters can
have similar effects on the bacterial behavior. In the following section, we explore the effects
of specific parameters and determine regions in various parameter spaces that correspond to

each outcome.

3.6 PREDICTING TURNAROUND

We are particularly concerned with the behavior of the center of mass of the bacterial pop-
ulation, u, (and equivalently pg). One significant advantage of system (3.13) over the two-
population Keller-Segel model (3.2) in this regard is that system (3.13) explicitly includes
the time derivative of this center of mass and thus allows us to separately consider the effects
that the chemotactic attraction to the chemoattractant and to the external nutrient have on
its motion.

The differential equation for gy, is

. Xa(baw> + Xa<bax> + X¢<b¢x>
My = by

_ 2Xa0 (s — fa) —(pp — a)? 2Xa 00 (o — o) — (i = p1a)”
== ) ex 2 - 2 ex 2 (3.17)
VT(o} + 02)3/2 o, + o VT(o; + 02)3/2 oj + 03 '

_ 2xgP0(p — 1) (—(ub - u¢)2>

NeCET

where each of the three terms in the sum in the right hand side of (3.17) can be inter-
preted, in order, as the rate of change in position of the center of mass of b due to its
own chemoattractant, due to the other population’s chemoattractant, and due to the ex-
ternal nutrient, respectively. Since we assume that j,(0) = (0) = 0, ps(0) = 0.5, and
13(0) = po(0) = 1, we have that [4,(0) > 0 and f,(0) = 0. The center of mass of the
bacteria is therefore generically ahead (with respect to the direction of motion) of the center
of mass of the chemoattractant for early time. We can now apprehend the mechanism that
allows for the bacteria to turn around: the bacteria are attracted inward toward the nutrient

and the second population’s chemoattractant and outward by their own chemoattractant. If
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the outward attraction is stronger than the inward attraction, then the bacteria will turn
around.

Upon inspecting equation (3.17), it is clear that the chemotactic pull toward any given
substance is related to the chemotactic sensitivity to the substance (x, and x4), the distance
between the center of mass of the bacterial population and that of the substance, the variance
of the substance pulse, and the total amount of the substance present. Since the latter three
quantities are dynamic variables, direct analysis of their effects on the transient behavior of
1 is not viable. Instead, we consider the effects of parameters related to the dynamics of
these variables.

Our goal in studying system (3.13) is to determine parameter conditions under which
the two populations combine and those under which they turn around. Because equilibria
require that p, = pg, the two populations will necessarily combine in asymptotic time, in
contrast to the Keller-Segel model (3.2). We therefore must take care in deciding what
qualifies as a turnaround in system (3.13). One possible condition is that f,(¢;) = 0 and
fi5(ta) = 0 for some times ¢; and ¢o (indicating that the centers of mass of both populations
have changed direction). However, this condition is not sufficient to determine when the
populations turn around and move away from one another. Figure 3.9 shows an example
where both populations quickly turn around, but shortly thereafter turn back around and
combine. Though the center of mass of each population does change direction in this example,
the overall outcome is not compatible with experimentally observed turnaround, in which
the two populations accumulate along opposite ends of the domain. We therefore adopt the

following more robust definition of turnaround.
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Figure 3.9: False turnaround. The vertical dashed line marks a turnaround in the center of

mass of both populations, but the populations combine together a short time later.

The chemotactic attraction of a bacterial population decays exponentially with the dis-
tance between the center of mass of the bacteria and that of the chemoattractant (see
equation (3.14)). Thus, if the two bacterial populations are sufficiently far apart, then the
chemotactic pull from each pulse of chemoattractant to the more distant bacterial population
is negligible, and the populations can separately approach a meta-stable state: each pop-
ulation asymptotes into it own pulse-like structure, subject to only an exponentially small
effect from the other population’s chemoattractant. This state is intuitively consistent with
the experimental state in which two bacterial populations accumulate along the boundaries
of the domain. In asymptotic time, the two populations will always combine, but the farther
apart the two populations are, the longer it will take for the combination to occur. Once the
populations do become sufficiently close, however, the relative effect that each population
experiences from the other population’s chemoattractant becomes nontrivial, and they com-
bine together relatively quickly. We therefore reason that if the two populations have not
combined after a large but finite amount of time, they must be in a meta-stable non-combined
state. We therefore take as our condition for turnaround that the centers of mass of the two
populations are distinct after a large amount of time; that is, that |u(t.) — us(t.)| > € for
some small, fixed distance € at some large time t = t..

We must take care in choosing values for € and ¢.. For instance, in order to establish a
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boundary between the turnaround outcome and the combination outcome, we must choose
e small enough so that the two populations will quickly combine if their center of masses
are € apart. We determine through numerical simulation that when the distance between
the center of masses reaches ¢ = 0.1, that distance decreases monotonically and quickly.
Similarly, we must choose t. large enough to guarantee that the system did in fact reach a
meta-stable state and to avoid a false turnaround, as illustrated in Figure 3.9. Figure 3.10
shows the time ¢ = ¢, at which the two populations will be ¢ = 0.1 apart over varied parameter
values. In each panel, the curve defines a boundary. For example, if ¢¢(0) is to the right of
the curve in the first panel, then the two populations will be € apart sooner than t.. In each
case, the curve becomes very steep near a critical parameter value. Consequently, as long
we choose t. sufficiently large, our choice will not have much impact on the parameter value
that defines our boundary. Guided by this reasoning, we choose to take as our condition for

turnaround that the centers of the two populations are e = 0.1 units away from one another

at t. = 500.
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Figure 3.10: Dependence of time to combine on system parameters. In order to combine
at time t, the parameter on the horizontal axis must be the value specified by the curve.
Sensitivity of the time to combine ¢. on each parameter considered decreases once t. exceeds

some quantitative threshold. Similar figures for parameters Ny and D not shown.

To apply this condition, we solve a modification of system (3.13) as a boundary value
problem with boundary condition |u, — | = € = 0.1 at time ¢ = 500. To satisfy all boundary
conditions, we must consider one of the pertinent parameters as a stationary variable. For

example, to determine the effect of y, on the transient behavior, we include the differential
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equation x/ = 0 in the system. We then use the continuation software AUTO to solve this
boundary value problem across a varied parameter. The solution curve in parameter space
defines a boundary between regions in which our system predicts the bacteria turn around

and in which it predicts they combine.

Figure 3.11 shows the results of solving this boundary value problem. In this figure,
Ny = by = By, D = Dy, and D, = Dy = 20 x D. Each panel shows a given parameter space
divided into two regions. Parameter pairs chosen from the grey region in each panel represent
a regime in which the two E. coli populations turn around; parameters chosen from the white
region correspond to a regime in which they combine. These figures provide a picture of the
relative contributions of the parameters considered. For example, Figure 3.11A shows that
if the bacterial population size is increased, more external nutrient is needed to result in the
bacterial populations combining. This is easy to understand: if the bacterial populations
are larger, then they produce more chemoattractant, and the outward attraction toward
the bacteria’s own chemoattractant will be stronger, requiring a stronger inward attraction
toward the nutrient to result in combination. Our simulations presented in Figure 3.7 and
3.8 agree with this prediction. The parameters chosen in Figure 3.7 correspond to the black
circle in Figure 3.11 and resulted in a combination of the two pulses; the parameters in

Figure 3.8 correspond to the black square and results in the pulses turning around.

Figures 3.11B and C are more subtle. Increasing D can be interpreted as, for example,
decreasing the viscosity of the medium in which the bacteria are suspended, thereby increas-
ing the diffusivity of the bacterial and chemical populations. Figure 3.11B shows that the
higher the diffusion rate, the less initial nutrient is necessary to cause the bacterial popula-
tion to combine. For too fluid of a medium, the chemoattractant of both populations spreads
quickly across the spatial domain to reach the other population. This results in a mutual
attraction of both populations toward one another, and the external nutrient is no longer
needed to pull both populations inward. Figure 3.11C similarly shows that in order for the
two populations to turn around when diffusivity is high, they need a large initial population

resulting in a large initial supply of chemoattractant.

Figure 3.11D shows the chemotactic sensitivity of the bacteria toward the chemoattrac-

tant, x,, versus the sensitivity toward the nutrient, x,. While these parameters do not
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change from trial to trial, this figure is easily interpreted and agrees with intuition: a strong
attraction toward the nutrient will always result in the bacterial populations being pulled
quickly inward and combining. If the attraction toward the chemoattractant is sufficiently
high relative to the attraction toward the nutrient, then the bacteria will be pulled strongly

outward toward their previously accumulated chemoattractant and hence will turn around.
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Figure 3.11: Boundaries in parameter space between combination (white) and turnaround
(grey). The black circle and square in panel A correspond to the parameter values chosen in
Figures 3.7 and 3.8, respectively. The criterion for combination is y, — pug = 0 before t = 500.
Whenever a parameter is not varied, Ng = 3, D = 107°, x, = 0.00025, x, = 0.0002, and

60(0) = 35.
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3.7 DISCUSSION

In this chapter, we study the interaction of bacterial pulses in a one-dimensional nutrient
gradient. We present experimental results due to the Salman laboratory in which two identi-
cal populations of E. coli moving toward one another up a nutrient gradient change direction
and move back in the direction they came from, rather than continuing toward each other
to combine into one indistinguishable population. We capture this turn-around behavior
analytically using the classic Keller-Segel model for bacterial chemotaxis. We then use a
heuristic argument to develop a system of ordinary differential equations approximating the
spatio-temporal dynamics of the Keller-Segel model. Our approximation facilitates the study
of the global dynamics of the system and the exploration of effects of parameter variation
on population dynamics. After verifying that the approximating system agrees qualitatively
with both experiment and with the Keller-Segel model, we define a condition on system
parameters that determines whether the bacterial populations will combine or turn around,
then develop and numerically solve a boundary value problem to find the boundary in various

parameter spaces separating these two outcomes.

Our results leave us with predictions about the mechanisms by which the FE. coli popu-
lations manage to turn around and move away from each other and the nutrient gradient.
System (3.6) shows that the center of mass of a bacterial population is generically between
the center of mass of its chemoattractant and that of the external nutrient for early time.
This allows the bacteria to turn around if the outward attraction toward the chemoattrac-
tant is stronger than the inward attraction toward the nutrient. Outward attraction can
overcome inward attraction in a number of ways. For example, if the amount of chemoat-
tractant accumulated on the edges of the spatial domain is large relative to the amount of
nutrient between the bacterial populations, our approximating system predicts the bacteria
will turn back toward the attractant. If the medium in which the bacteria are suspended is
too fluid, our system predicts that the two bacterial populations will likely combine, because
the chemoattractant will spread across the spatial domain, removing the driver of the direc-
tion reversal. Variations in the total amount of available nutrient or fluidity of the medium

can therefore lead to qualitative changes in the behavior of the bacteria.
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The predictions made by our approximate system agree qualitatively with the the Keller-
Segel model. Figures 3.3 and 3.4 in Section 3.3 show that decreasing the initial amount of
nutrient can cause the bacterial populations to switch from a combination outcome to a
turnaround outcome. Similarly, increasing the diffusivity of all three populations results in
the bacterial populations combining (results not shown). This agreement suggests that our

Gaussian approximation system offers reasonable predictions to be tested experimentally.

Our analysis of the two population system assumed that both bacterial populations
were of equal size. This assumption simplified our analysis by reducing the number of
free parameters, but might be unrealistic, as population size could vary between the two
populations during an experiment. Simulations of system (3.13) with unequal but similar
population sizes agree qualitatively with those presented in this chapter, and the dynamics

we observed are therefore not a result of perfect symmetry in the populations.

Previous works have derived approximate ODE systems to analyze the interaction of
pulses in reaction-diffusion models [25, 45, 87]. These works use asymptotic matching meth-
ods to derive first-order approximation for an ODE describing the dynamics of the distance
between slowly varying spike peaks. The stability of the origin of the resulting ODE deter-
mines whether the two pulses are predicted to combine or repel. However, this framework
depends heavily on the dynamics of the pulses being slow, and does not allow for analysis
of the transient behavior of pulses. Our approximating system and the method used to
derive it provide an efficient and tractable framework for analyzing the transient dynamics
of complex systems. A similar analysis was conducted in [2], in which the authors used
singular perturbation techniques to derive a Lotka-Volterra-like ODE competition model be-
tween invasive bacteria and host leukocytes from a Keller-Segel system adapted to model
the inflammation response due to bacterial infection. The resulting approximated system
allowed the authors to conduct an analysis of the global behavior of the system as a function
of model parameters, but removed all spatial aspects of the system. Our approximation
preserves the spatial dimension by considering the temporal dynamics of the key quantities

that characterize spatial features of our model populations.

There a several open directions related to this study. The first is to explore other, more

quantitatively accurate approximations to the population distributions. While the bacteria
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maintains a Gaussian pulse-like distribution in the Keller-Segel model, the chemoattrac-
tant and nutrient populations do not necessarily do the same, especially as two populations
interact. One could impose a different assumption on the distribution of the chemical popu-
lations, the results of which could be important in understanding the transient behavior we
studied in this chapter. An improvement could be made through better parameter fitting.
Our study is primarily qualitative in flavor, and a more quantitatively accurate approxi-
mation could produce more precise experimental predictions. Our heuristic approximation
could easily be applied as a method of moment closure for other spatio-temporal models
whose nonlinearities make parameter exploration and transient analysis tedious or impos-
sible. Finally, it would be interesting to apply our Gaussian approximation method to a
two-dimensional Keller-Segel model and explore transient dynamics, asymptotic states, and

pattern formation.

3.8 APPENDIX: ANALYSIS OF KELLER-SEGEL MODEL

3.8.1 Stability of uniform solution

Here we perform linear stability analysis of the uniform solution of system (3.2),

bl = bT
by = b3
. (3.18)
a = —(by +b3)
)
¢ =0.

Since the only steady state solution of the external nutrient is ¢ = 0, ¢ cannot affect
the asymptotic stability of steady state solutions. Therefore, to study the stability of the

uniform solution of system (3.2), we can instead study the uniform steady state of system
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(3.1); that is, constant solutions of the system

0?b d [, 0a
0= Dz ~Xegy [ba—}
9?a
0= Dy +1b—da (3.19)
Wl
9z |, 9, O 2=0,1 o
System (3.19) admits the trivial solution
b= by
o (3.20)
- 5 0y

where by is a positive constant.
Following the technique described in, for example, [26, 55], we linearize system (3.19)

about the solution (3.20). We assume that to first order stationary solutions are of the form

b(z) = by + C4 cos kmx
. (3.21)
a(x) = <by + Cy cos kmz,

4]

where the argument is k7 in order to satisfy the no-flux boundary conditions and k£ > 0 is

the wavenumber. Plugging (3.21) into (3.19) yields the system
Jb =0,
where b = (b(x),a(z))" and J is the Jacobian matrix

—(km)2Dy  (k7)*Xabo
r —(km)?D, — ¢

J:

The matrix J has two eigenvalues,

7(k?) £ \/T(k2)2 — 4A(k?)

)\+,—(k2) = 9 ;

(3.22)

where

7(k*) = —(kn)*(Dy + Dy) — §
A(K*) = (kn)*Dy ((km)* Dy + 6) — (km)*rxabo.
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The smaller (real part) of these two eigenvalues, Re(A_(k?)), is always negative for any k,
and consequently the uniform solution will only lose stability if Re(\;(k?*)) > 0 for any
k € N. The real part of A\, (k?) is plotted in Figure (3.12) for different values of by. The
nodes on each curve denote the value of A\, (k?) at values of k? for k € N. If any of these
nodes are above the horizontal axis, small spatial perturbations to the uniform solution will

grow.

Figure 3.12: Dispersion relation.

3.8.2 Existence of bump solution

If the real part of A\ (k?) is positive for 1 < k < n, we expect a stationary waveform
solution with wavenumber 1 < k < n. Here we investigate the existence of such solutions.
After integrating both sides of the first equation of system (3.19), the resulting equation is

separable with solution
b= oexp (%‘f) , (3.23)

where o is a constant of integration defined by the integral condition

plot = /0 1 b(x)dz = /O 1 o exp <xagiw)) dz. (3.24)
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Plugging equation (3.23) into the second equation of system (3.19) provides us with the
second order nonlinear differential equation

2

0a Xal
- D A7) _ Sa. 2
0 952 + ro exp ( D, ) da (3.25)

Defining v = d/, where ' denotes differentiation with respect to z, and imposing no-flux

boundary conditions allows us to write equation (3.25) as the system

s La {&L — roexp (gf)] (3.26)
0(0) =0
v(1) =0

Combining system (3.26) with integral condition (3.24), stationary solutions must therefore

satisfy the boundary value problem

o' =0 (3.27)
v(0) =0
v(1) =0
bsum(0) =0
bsum (1) = b

We numerically solve system (3.27) using XPPAUT and continue the solution along the pa-
rameter b'°. The continuation yields a branch of nonuniform stationary solutions bifurcating

from the line of uniform solutions, shown in Figure 3.13.
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Figure 3.13: Stationary solution bifurcation. The solid blue curves correspond to stable

solutions. The red curves correspond to unstable solutions.

3.8.3 Normal form analysis

The numerically generated bifurcation curves in Figure 3.13 suggest the possibility of a
subcritical pitchfork bifurcation, and consequently bistability between the uniform solution
and the nonuniform stationary bump solution. Our goal now is to characterize the criticality
of the bifurcation. To this end, we use perturbation analysis to derive the normal form of
the bifurcation.

As in the numerical analysis, we wish to use the parameter b = / 1 b(x)dx as our
bifurcation parameter. To introduce b*" explicitly into our system, we deﬁn(;: B =b/b"" and

rewrite system (3.19) in terms of B, resulting in

9’B 0 da
0= Dy ~Xagy [Ba—l
9%a tot
0=D,— +rb"B —da (3.28)
02
on|  _ou|
Ox 2=0,1 Oz 2=0,1 T

We perturb the system off of the critical uniform solution defined by b'* such that A, (1) = 0;
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that is, we perturb the solution

B=1
btot — btot*
T
— _btot*
a 5 s

B =1+ Bie + Bye® + Bse® + O(e*)
btot _ btot* + bziot € + b;ot 62 + btsot €3 + 0(64)
a= gbm* + are + axe® + aze® + O(e*).

Plugging these e-expansions into system (3.28) and collecting similar orders of € produces a

system of equations for each order €, k =0,1,2,..., of the form
L"uk = fk‘;
where
02 0
[ — Db 922 _Xa&
- )
roy* Daaa—; )
By
U, = )
ay

and f;, is a function of B;, b, and a; for i = 0,1,

...,k — 1. Solving the systems through
1
O(e?) imposing no flux boundary conditions and the integral conditions / Bi(xz)dz = 0 for
0
1 > 1 yields

B=1+ %L cos(mz)e + O(€)
btot _ b?(f)ot + bgot62 + 0(63)
a = 1b" /5 + Lcos(mx)e + O(e?),

where L is the nontrivial root of the pitchfork bifurcation equation

Nby* + L% =0,
and v, > 0, 73 are functions of model parameters.
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The bifurcation is supercritical if 73 < 0 and subcritical if v3 > 0. Figure 3.14 shows the
agreement between the above analysis and the numerically generated bifurcation diagrams

near b,

0.45

0.441
1.13p

0.43f
1.12r

a(0)

S 0.42}
©

1111
0.41¢

1.1

0.4

1'?8.98 10.982 10.984H10.986 10.988 10.99 0'8.9395 0.4 ot 0.405 0.41
b'° b*©

Figure 3.14: Perturbation analysis of the bifurcation. In both frames, the blue line corre-
sponds to the family of uniform solutions for varied 0!, and the blue curve corresponds
to a family of nonuniform stationary solutions. The black-dashed curve is the analytically
generated bifurcation curve. A. The bifurcation is supercritical (73 < 0). B. The bifurcation

is subcritical (y3 > 0).
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4.0 QUALITATIVE EFFECTS OF MONOVALENT VACCINATION
AGAINST ROTAVIRUS: A COMPARISON OF NORTH AMERICA AND
SOUTH AMERICA

4.1 INTRODUCTION

Rotavirus is the leading cause of severe diarrhea in children under five years of age worldwide,
resulting in about 453,000 deaths each year [89]. By the age of five, one in five children will
visit a clinic, one in 50 will be hospitalized, and approximately one in 205 will die due to
rotavirus infection [22].

Rotavirus strain distribution varies across continent and climate. G1P[8] is the most
prevalent human rotavirus strain worldwide, and represents the majority of rotavirus infec-
tions in North America (Gentsch et al. 2009, Hull et al. 2011). Although a plurality of cases
in South America, Africa, and Asia are due to G1P[8], the majority of cases are collectively
caused by strains G3P[8], G4P[8], G9P[8], G2P[4], and a combination of less common strains
[73]. The most prevalent strain in a region can change over time, however. Immunity gained
after recovery from infection of the current dominant strain exerts selective pressure on that
strain, allowing another strain to displace it as the most prevalent [66].

Vaccination programs are considered to be the most effective public health strategies
for reducing the incidence rate of severe rotavirus infections. Rotarix is a monovalent vac-
cine manufactured by GlaxoSmithKline that contains the most common human rotavirus
strain, G1P[8] [37]. Rotarix is administered in two doses: the first dose between 6 and 14
weeks of age, and the second by 8 months of age, with at least 4 weeks between doses.
Studies have shown that after the second dose, Rotarix provides 90.8% protection against

severe rotavirus gastroenteritis caused by G1P[8], 86.9% protection against severe rotavirus
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gastroenteritis caused by G3P[8], G4P[8], or GIP[8], and 45.4% protection against severe

rotavirus gastroenteritis caused by G2P[4] for up to twelve years after inoculation [70, 97].

Rotarix was introduced in countries throughout North and South America between 2006
and 2013 [60]. Since its introduction, many studies have sought to determine long term
effects on disease prevalence and economic impact [7, 8, 79, 80, 78, 64, 65]. However, little
has been done to compare the effect of the vaccination on regions with highly varied strain
distribution. A multi-strain mathematical model of rotavirus transmission can clarify the

effect that vaccination might have on populations with different strain distributions.

In this chapter, we first introduce a two-strain, pre-vaccination rotavirus transmission
model. We use our model to investigate the transient and asymptotic behavior of rotavirus
within a population, primarily as a function of transmission rate. Our model predicts that
two strains of rotavirus can coexist either at fixed infected proportions of the population
or oscillate over time, with periodic switching of the more prevalent strain over time. We
mathematically explore the periodic behavior to determine what drives these oscillations in
the Appendix. We then expand our model to include a class of individuals vaccinated with
Rotarix, and we examine the effects of the vaccine on epidemic thresholds and transient
behavior. Finally, we explore how vaccination affects the regions with widely differing strain
distributions. In each case considered, infection due to rotavirus is substantially decreased
for up to ten years after the introduction of the vaccination program. If the efficacy of
the vaccination against heterotypic strains is sufficiently low, then our model predicts the

potential for major strain replacement in countries where G1P[8] is the dominant serotype.

4.2 TWO STRAIN MODEL: DEVELOPMENT AND BASIC ANALYSIS

We developed a two-strain model of rotavirus transmission, Figure (4.1), in order to deter-

mine epidemic thresholds and behavior in an unvaccinated population.
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Figure 4.1: The model diagram. Natural mortality rate u not shown.

Throughout this work, we assume the first strain is G1P[8], and the second strain is a
weighted combination of all remaining strains within the population. Individuals are born
into the maternally protected population, M. These individuals are immune to both strains
of rotavirus for a period of 1/7); weeks due to maternal antibodies. After maternal immunity
wears off, they enter the susceptible population, S. Here they are at the risk of becoming
infected with either strain of rotavirus. Susceptible individuals become infected with strain
1 at rate §; upon contact with an infected individual in the class [y;, and at rate pf; upon
contact with individuals who have previously been infected with and recovered from strain
j and are now infected with strain ¢, I;;, 7 # ¢; 4,7 = 1 or 2. The total transmission rate
is written concisely as the force of infection \; = B;(lo; + pl;;)/N. Upon primary infection
with strain i, they enter the class Ip; and remain infectious for 1/, weeks on average, then
recover to the class R;, where they are temporarily immune. The immunity wears off after
1/7, weeks and the recovered individuals enter class Y;, where they are susceptible to a
secondary infection of strain j, ¢ # j, but the risk of secondary infection is reduced by a
factor of o [93]. Thus, secondary infections occur at a rate (1 —o)\;, and infected individuals

enter the [;; class, remain there for 1/, weeks on average, then recover to class W where they
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are completely immune to both strains for 1/7 weeks. Once an individual loses immunity,
they then become susceptible again to both strains with added partial immunity ¢ in the H
class, where upon infection at rate (1 — 6)\;, 7 = 1,2, he or she enters class I;; and stays
infected for 1/vs weeks, and recovers into class W [93]. Consequently, no individual ever
remains completely immune. Finally, we assume death due to infection is negligible and that
the birth and death rates are equal so that the total population remains constant [78].

Our model assumes that individuals who have recovered from strain i = 1, 2 must become
infected with j # @ before becoming infected with strain ¢ again. This assumption is based on
the findings that secondary infections were more likely to be caused by another strain due to
homotypic protection (Velaquez et al. 1996) and that protection following natural infection
was predominantly against homotypic strains (Clarke and Desselberger 2015). Other studies
have found no evidence of homotypic protection, however (Gladstone et al. 2011). We
therefore explore the possibility of reinfection with the same strain in Section 4.4.

The assumptions above and the diagram in Figure 4.1 lead us to the following system of

differential equations:
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aM
dt

ds
dt

dlopy
dt

dla
dt

dlp2
dt

where the force of infection is given by \; =

puN — (Ta + )M

TuM — XS — XS — uS

AS = (9 + 1)l

(1 =o)MYa+ (1= O)MH — (s + )1z
S = (1p + ) o2

(1 —0)AY1+ (1 —0)AoH — (s + p) 12
Yolor — TpR1 — plRy

Yploo — T Ra — Ry

e — (1= o)\ Y — puY,

T,R1 — (1 — o)XY — uYh

Yolo1 + vslio — T W — pW

TSW— (1 —9)<)\1 —f-)\Q)H—[I,H,

B1(To1+pI21) _ B2(lo2+pli2)
Bulortpla) o ), = Gelloateha)
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Variables

M Immune due to maternal antibodies

S Susceptible

Ip1 Infected with strain 1 without any prior infection
Iy Infected with strain 2 without any prior infection
R; Recovered from strain 1

Rs  Recovered from strain 2

Y1  Susceptible to strain 2, but immune to strain 1

Y,  Susceptible to strain 1, but immune to strain 2

I5;  Infected with strain 1 after recovering from strain 2
I Infected with strain 2 after recovering from strain 1
W Recovered from both strains and immune to both

H  Partially susceptible to both strains

Table 4.1: System variables

Parameters Values Source

I Birth and natural death rate 0.000275 wk—!
Tm  Rate at which maternal protection wears off 2wkt [6],[64],[20]
1 Transmission coefficient of strain 1 8-17.5 wk~1
B2 Transmission coefficient of strain 2 6.1-18.2 wk~!
0 Reduction of transmissibility of secondary infections 0.5
v»  Rate of recovery from first infection 1 wk! [98],[100]
vs  Rate of recovery from secondary infection 2 wk—! [95],196]
7,  Rate at which partial protection wears off after one infection = wk! [15],[52]
7. Rate at which partial protection wears off after secondary infection 25 wk=* [15],[52]
o Reduction in susceptibility after first infection 0.38 [93]

Reduction in susceptibility after secondary infection 0.63 [93]

Table 4.2: System parameters

In system (4.1), N is the total population and N =0, so the total population is constant.
By rescaling the state variables M — M/N, S — S/N, and so on, we may assume that
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N =1, and so each epidemiological class represents a proportion of the total population.
Our analysis will focus largely on the behavior of the primary infected classes, Iy; and
Iy2, because secondary infections are generally asymptomatic or mild compared to primary
infections (Veldzquez et al. 1996). We begin our analysis of system (4.1) by identifying
steady states and their stability. System (4.1) supports four distinct equilibria in the positive
orthant: one disease-free steady state, one with only strain 1 endemic, one with only strain
2 endemic, and one with both strains endemic. We will call these steady states Ey, Ey, Es,

and FEj, respectively.

4.2.1 The disease-free steady state and the basic reproductive numbers

The disease-free steady state is given by E, = (M?°,5°,0,0,0,0,0,0,0,0,0,0), where M° and
S must obey

0 = pu— (e +p)M°
0 = TMMO—,USO,

or equivalently,

Mo = F
™+ 1
SO B TMMO_ T™
It (Tas + 1)

To determine epidemic thresholds, we construct the basic reproductive number of each strain,
Ro1 and Ry 2, by using the method described by [92]. Following their method, we define x =
(x1,22) = (Lo1, I21), F1.:(z) to be the rate of new infections in compartment z;, and V, ;(x)
to be the difference of the rate of transfer out of compartment x; and the rate of transfer into

compartment x; by any means other than infection. We then know that Ro; = p(F;V;),

the spectral radius of F1V;!, where F} = [88“2 S and V) = [%V;ji]. Specifically, we have
J J

S0 S0 1
Fl _ 61 /8110 and ‘/1_1 _ P ’
0 0 0 L

Vst
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which yields

S0 1
Ro1 = by = Giru = ( L ) 01 ( ) ) (4.2)
Yotu  (pt+p)(tn+p) ™+ Yo+ 1
By symmetry, we also have
S0 1
R0,2 _ 52 _ 527'M _ ( ™ >ﬁ2 ( ) ' (4.3)
Yotu  (pt+p) v+ p) ™+ W Yo+ 1

These values are the product of the probability of transition into the S class from the M
class, T /(7ar + ), the transmission rate of the strain, 5;, and the average time period spent
in the Iy; class, 1/(, + ). We therefore define Ry ; as the number of secondary infections
resulting from a single infection of strain 7 in a naive population. Theorem 2 from van den

Driessche and Watmough provides us with the following theorem summarizing this result.

Theorem 1. The disease free steady state Ey is locally asymptotically stable (l.a.s.) if both
Ro1 <1 and Ro2 <1 and unstable if either Roq > 1 or Ro2 > 1.

More concisely, Theorem 1 states that if either basic reproductive number Ry ; exceeds

the critical threshold of one, then rotavirus can become endemic in the population.

4.2.2 Singly Endemic Steady States

Now that we have established a necessary condition such that either strain can become
endemic, we derive conditions under which one of the strains competitively excludes the
other, and conditions under which the two strains can coexist.

In order for strain 1 to persist in the population at steady state E;, we must have

0 = p— (ra+p)M
0 = 7y M'— XSt —pSt
0 = MS' = (n+ )y (4.4)
0 = 2ly — 7Ry — pRy
0 = 7,R; —pY;.
It is easy to show that I}, = 0 at Ey, and so A\; = (B1y; when strain 2 is extinct and strain

1 reaches steady state. Equivalently, Eqs. (4.4) are satisfied when
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M= o — MO
™ + U

1 Yo T I

> =75

]51 = TMMl_ﬂ
Yo+ i B

o (TMMl_ﬂ>
T+ u \pt+pr b

yi = T Yp <TMM1_£>
(p+wp \vp+p B)’

and it is clear that this steady state exists in the positive orthant if and only if % — 5 > 0,
P
that is, when Ro; > 1.
Now that we’ve established existence of E;, we characterize its stability in the following

theorem.

Theorem 2. Given Ry; > 1, the steady state E; is locally asymptotically stable if 7@0,]- =

iS¢ ip(1—0)Y} S .. . .
fpjw + ﬂjpisw) L < 1 and unstable if Roj > 1, where 1,5 € {1,2},1 # j.

Proof. The Jacobian of the of the system evaluated at E; has twelve eigenvalues. The first
six of these eigenvalues are easy to find, and they are —p, —p, —(pn + 7), —(p + 7), —(p +
), —(p+ G115, (1 —0)). Since Ro; > 1 by assumption, Ij; > 0, so each of these eigenvalues
are negative. The remaining six eigenvalues are comprised of the roots of three separate

quadratic polynomials, the first two of which are

pi(x) = 2+ (Bily + p) z + Bulyy (v + 1)

pa(z) = 2+ (v + 7+ 20+ Bily (1 —0)) x+ (1 +vs) (w+ 7s) + Buly (1 — 0) (1 + 7 + 7).

Since the nonleading coefficients of these two polynomials are positive, their roots have
negative real part.

The remaining two eigenvalues are roots of the quadratic polynomial

p(z) = 2* + bz +c, (4.5)

where
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b=+ s+ 21— Bo2ST — Bop(1 — o)V
and
¢ = (4 1) (v + 1) — 25 (vs + 1) — Pap(1 — o) Y (7 + 1)

Thus, the eigenvalues have negative real part if and only if b > 0 and ¢ > 0. It follows

that

b>0 < 7+ s+ 21> BoS' + Bop(l — o)V (4.6)

and
>0 <= (p+p)(vs + 1) > 2SS (vs + 1) + Bop(l — 0)Y{ (9 + ). (4.7)

The inequality (4.7) is equivalent to

1> 5251 4 ﬁ2p(1 - U)Yf.

(4.8)
Tp T H Vs + 1
Note that since 7,, 75, and p are all strictly positive values,
St 1—o0)Y! St 1—o)Y}
B2 I Bap( o)Y| > B2 1 Bap( 0)Y] ’ (4.9)
Yot 1 Vs + 1 Vo Vs 20 s + 20
and so by (4.8) and (4.9), we have
1 1 — Yl
T L Tl (4.10)

Yo+ s+ 20 s+ 20
and thus by multiplying both sides of (4.10) by 7, + vs + 2u, we get (4.6). Thus, we
have that (4.7) implies (4.6), and so the condition (4.8) is necessary and sufficient for all

eigenvalues of the Jacobian matrix evaluated at F; to have negative real part. We define

S Sl ﬂgp(l—a’)yl
R, = B2 1
02 = S5 T ora

, and the claim is proven. O

The quantity ﬁo,j is not a basic reproductive number in the sense of Ry ; above, but
rather an invasion reproductive number for strain j when strain ¢ is already present. It can
be understood as the number of infections resulting from a single infection of strain j when
only strain ¢ # j is endemic. For clarity, consider the case when ¢ = 1 and 7 = 2. The
quantity $25'/(7, + p) is the number of primary infections resulting from a single case of

strain 2 infection in a population where strain 1 is endemic; that is, the number of individuals
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who transition from the S class into the /o class due to contact with an individual infected
with strain 2 (lpy or I13). Similarly, the quantity Sap(1 — )Y}/ (s + p) is the number
of secondary infections resulting from the same single case of strain 2 infection; i.e., the
number of individuals who transition from Y; into I;5 due to contact with a strain 2-infected
individual. If infections due to strain 2 result in more than one additional infection on
average per case, then strain 2 will become endemic in the population.

Notice that for both j =1, 2,

5 BST Bip(l — o)V}
0,5 — +

Yp + 1 Vs + 11

— & (1 — p Tp ( ™ _ i)
Bi el U)Tp+/ws +pu \(mar + )+ 1) Bi
Bi s ( M _ l)

<5 & (Tar + 1) (v + 1) B (4.11)

_ BiTm
(Tar + 1) (9 + 1)

_ BiRo,

B
- RQJ.

The inequality is due to the fact that 7,/(7, + u) and ~,/(7, + i) are both between 0 and
1 and the assumption that p and o are both between 0 and 1. The second to last equality
uses the identity Ro;/8; = Tar/(p + p)(Tar + p). We therefore have that Ro; < Ro, and
importantly, we have that 7A2()vj > 1 only if Ry; > 1.

Theorem 2 partially determines the asymptotic behavior of the system and provides us
with four cases to be analyzed: (1) Ro; < 1 and Rga < 1, (2) Roy > 1 and R, < 1, (3)
Ro1 < 1 and Roo > 1, and (4) Roy > 1 and Rgs > 1. Case (1) is impossible, as

Roz < 1 —
525! I Bap(1 — U)Y11
Tp + M Vs 1
B2 (1 n p(1 = o)7y7p(Rog — 1))
A (7s + 1) (75 + 1)
B
B ’

< 1 «—

< 1 = (since Ro1 > 1)
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and so if 7@072 < 1 then [y > (. Similarly, if 7%0’1 < 1 then By > [, and so 7%072 < 1 and
7@071 < 1 can never be simultaneously true.

In case (2), strain 1 is much better suited to persist in the population than strain 2 in
the sense of epidemic thresholds 7@071 and 7%0,2. Consequently, F; is the only stable fixed
point in the positive orthant. Strain 1 will therefore ultimately remain endemic while strain
2 will become extinct. Similarly, in case (3), since Fs is the only stable fixed point, strain 2
will remain endemic and strain 1 will become extinct.

In case (4), both strains are above their respective epidemic thresholds, and so both can
become and remain endemic in the population. The long term behavior of the system is not

entirely determined by the stability of E; and FEs, shown in Figure 4.2 in Section 4.2.3.

4.2.3 Dually Endemic Steady States

It was shown in Section 4.2.2 that both strains of rotavirus can persist in the population
long term only if 7@071 > 1 and 7@0’2 > 1. Given that multiple strains of rotavirus are found
in almost all countries where rotavirus is endemic [73], we study the asymptotic behavior of
the system where 7%0,1 > 1 and 7@072 > 1 using numerical simulations.

Specifically, we used XPPAUT [29]) in order to numerically track the stability of the
dually endemic steady state F3 as a function of the transmission rates 5, and 5y (Figure
4.2). Region I in Figure 4.2 corresponds to the case when neither strain can persist because
Ro1 < 1 and Ros < 1 (Ey stable). Regions II and III correspond to cases (2) and (3),
respectively, from Section 4.2.2; points on the lower red line separating regions II and V
satisfy 7@071 = 1, and points on the upper red line separating regions III and V satisfy
7@0,2 = 1. Regions IV and V together describe case (4). In region V, above the red lines
and on the outside of the blue curve, F5 is a stable steady state, and both strains will
remain endemic and tend asymptotically toward a fixed resting state. Upon crossing the
blue curve into region IV, however, the system undergoes a Hopf bifurcation, and both
strains are attracted to a stable limit cycle. Both strains still persist in the population,
but they alternate predominance. We study the mechanism that drives these oscillations in

Section 4.6.
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Figure 4.2: Rotavirus behavior as a function of transmission rates 3; and (5, without vacci-
nation. In region I, neither strain can be endemic. In region II, the first strain is attracted
to a stable non-trivial steady state, while the second strain becomes extinct. In region III,
the second strain is attracted to a stable non-trivial steady state, while the first strain be-
comes extinct. In region IV, both strains exist and oscillate. The blue curve denotes the
parameter values for which the steady state E3 goes through a Hopf bifurcation. In region
V, both stains are endemic and are attracted to the stable fixed point F5. The horizontal
black dashed lines denote fixed (5 values along which we perform bifurcation analysis with
respect to f; in Figure 4.3. The blue circle and square denote fixed (81, 52) pairs that we

consider in Sections 4.2.3 and 4.3.3.

Figure 4.2 shows that steady state E; can only be stable if (5 is substantially less than
B1, and that Ey can only be stable if §; is substantially less than 5. This can be seen more
clearly in Figure 4.3. When [, is fixed at 4.5 and (3, varies as in Figure 4.3A and C, the
system passes through regions II-V from Figure 4.2. However, when [, is fixed at 14 and ;
varies as in Figure 4.3B and D, the system passes through region III, where strain 2 is the
only endemic state, region IV, where both strains are endemic but oscillate, and region V,

where both strains stably coexist.
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Figure 4.3: Bifurcation diagrams with respect to 51 with 3 fixed. (A) and (C): The rate 3,
is fixed at 4.5, corresponding to the lower horizontal dashed line in Figure 4.2. (A) shows the
bifurcation in relation to variable Ip; and (C) in relation to Ips. The system is in region III
in Figure 4.2 when f; is between 0 and 2.932, and consequently the system is attracted to
fixed point Fy. The system briefly crosses through region V as 1 increases from 2.932 until
3.113, allowing both strains to stably coexist. The system then undergoes a Hopf bifurcation
at f; = 3.113 and stays in the oscillatory region IV until g; = 8.434. From S; = 8.434 until
B1 = 12.08, the system returns to region V, where the dually endemic steady state Ej is
stable. Beyond [5; = 12.08, the system stays in region II, where FE; is stable, and strain
1 is therefore the only endemic strain. (B) and (D): Transmission rate (s is fixed at 14,
corresponding to the upper horizontal dashed line in Figure 4.2. As (; increases from 0 to
4.703, the system is in region I1II from Figure 4.2 and Fj is stable. When ; is between 4.703
and 6.428, the system is in region V, and therefore the dually endemic steady state Ej is
stable. A Hopf bifurcation occurs at §; = 6.428, and the system oscillates until g; = 6.93,
where the system leaves region IV and reenters region V, where it stays for all £, values

considered.
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If the transmission rates are chosen from region IV in Figure 4.2, the two strains oscillate
in anti-phase over time. Figure 4.4 (A) confirms this behavior of the primary infected states
over the first one hundred years, with §; = 10 and 5 = 7, denoted by the blue circle in
Figure 4.2. Over one oscillation period of approximately twelve years, strain 1 represents
the majority of rotavirus cases for roughly ten years at a time, then an abrupt switch occurs
causing strain 2 to dominate for approximately two years, after which strain 1 takes over
again and the cycle repeats. We explore this switching behavior in the Appendix. As
both transmission rates increase and the system tends toward region V in Figure 4.2, the
amplitude of the oscillations decreases to zero. The period also decreases as the transmission
rates increase, but seems to remain bounded away from zero until the system enters region V:
the smallest numerically observed period being around nine years. Once the system enters
region V, the two strains coexist nontrivially and stably in the population. Figure 4.4 B
shows the transient behavior of the system over the first one hundred years after rotavirus
is introduced, with g; = 18 and (3, = 16, chosen so that the system falls in region V,
represented by the blue square in Figure 4.2. The two strains never alternate dominance;
strain 1 constantly comprises a majority of all primary infections due to a higher transmission

rate, but strain 2 consistently represents a substantial proportion of all rotavirus infections.
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Figure 4.4: Long-term primary infection behavior changes with transmission rate. Panel A
shows the primary infected states from system (4.1) when ; = 10 and 5y = 7, denoted by
the blue circle in region IV of Figure 4.2. The corresponding basic reproductive ratios are
Ro1 = 9.950 and Rp2 = 6.965, respectively. The primary infection rates of strain 1 and
strain 2 oscillate in anti-phase over time. While one strain infects a relatively large proportion
of the population, the other is essentially dormant until the roles of the two switch, and the
once dormant strain becomes the major strain. In this case, strain 1 stays dominant for
approximately 600 weeks at a time, after which strain 2 takes over for approximately 200
weeks, and then strain 1 takes over again. Figure B shows the same system when 3; = 18
and Py = 16, denoted by the blue square in region V of Figure 4.2, with corresponding basic
reproductive ratios Ro; = 17.910 and Rpo = 15.920. In this setting, primary infections
due to both strains settle asymptotically to fixed values. The prevalence of strain 1 is
approximately 4.5 times larger than that of strain 2, due to the higher transmission rate of

strain 1.

4.3 EXPANDED SYSTEM: EFFECTS OF VACCINATION

Now that we have categorized rotavirus behavior as a function of transmission rates in the
pre-vaccine era, we expand our model (Figure 4.1) and include a vaccination program using

the G1P[8] rotavirus vaccine, Rotarix (Figure 4.5). We include an additional epidemiological
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class of vaccinated individuals, V', and assume that a proportion, ¢, of children in the
maternally protected class M will be vaccinated. Therefore, vaccinated individuals leave M
and enter V' at rate ¢7) and unvaccinated individuals leave M and enter S at rate (1 —¢)7as.
Those who receive the vaccination gain partial immunity & (0 < & < 1) against strain i
for 1/7, weeks on average, after which they become fully susceptible to both strains. The
population size in this expanded system remains constant, and so we assume that N = 1
and discuss infections as proportions of the total population. Using our assumptions and
definitions, we generate the following system of equations modeling rotavirus transmission

and vaccination:

Birth

Figure 4.5: The model diagram with vaccination. Removal rate u not shown.
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4 = uN—(ru+p)M

B = (1= )M+ 7,V — MS — XS — S

W oM =1,V — (1= )NV — (1= &)V — uV

o = NS+ (L—&)MV = (3 + w)ln

= (1=o)\Ya+ (1= OMH — (v + p) 1o

iz — oS+ (1—&)AV — (3 + i)oo

o = (1= o)AYi + (1 — O)XH — (v + p)1a

R, (4.12)

= 7p101 - TpRl — uiy

@b = Qg — TRy — Ry

% = TRy — (1 —o)\Ys — pYs

% = R —(1—0)\Y) — Y1

dd—VtV = Yslor +vsl1o — T W — pW

i — W — (1= 0)(M + \o)H — puH,

Here the force of infection is given by Ay = £1(log + pla1) and Ay = Ba(lga + pli2), and all

variables are as in system 4.1.
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New Variable and Parameters

V' Vaccinated

Parameters Values Source
Ty Rate at which vaccination wears off w1 Wkt [97]
¢  Vaccination coverage 0.9 [99]
&1 Efficacy of vaccination against strain 1 0.9 [70, 94]
&5 Efficacy of vaccination against strain 2 0.85 [94]

Table 4.3: Additional Variables and Parameters

The partial immunity against strain 1 (G1P[8]) gained due to vaccination (&;) is taken
to be 0.9 [70, 94]. Early studies on Rotarix efficacy indicated that the vaccine is less effective
against heterotypic strains, but recent meta-analysis by Velasquez et al. suggests that the
vaccine efficacy against heterotypic strains is much closer to that against homotypic strains.
For this reason, we take the immunity against strain 2 gained due to vaccination to be
&5 = 0.85. The behavior of the primary infected states over varied &5 is briefly explored in

Section 4.3.3.

4.3.1 The disease-free steady state and the basic reproductive numbers

The system maintains the four equilibria in the positive orthant, and we will refer to the
disease-free steady state, the strain one-endemic steady state, the strain two-endemic steady
state, and the dually endemic steady state as E), E}, EY, and Ey , respectively.

Just as in system (4.1), we can use the method described in [92] to determine a control

reproductive ratio. System (4.12) is at steady state FEj when

0 = pu—(rm+p)M°
0 = (1l —¢)M° +7,V° — uS°

0 = TmuodM° — (1, + p)V°,
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which is equivalent to

MO — H
(Ta + )
g0 _ (1o + (1 — Q)W) Tar
(70 + 1) (7o + p)p
VO o TM¢,U

(Tar + p) (70 4 1)

Our Fi,(z) and V; ;(z) functions are defined in the same way as in Section 4.2.1, and thus

we have
SO+ Bi(1 = &)V BipS° o 0
F = AT AL =CIVE AeSTH Vil= | whe
0 0 0 L
Vstp

Thus, the control reproductive number of strain 1 in a vaccinated population is

SO+ Vo1 —-&)

Rc,l = 61
Tp + 1
Briravp(my + (1 — @) ) Br(l — &) Tmop
(Vo + 1) (1o + ) (Tar + e (Y + ) (7o + 1) (Tar + 1)
o P&
= Roi(1-— ).

T+

Similarly, we can find the control reproductive number of strain 2, which is

SO+ VO(1 -
(1-&) Roa(1 — Papt
Yo+ 1 T+

Rea = B2 )-

The values of R..; (i = 1,2) tell us important information about the effect of vaccination

on a naive population. First, R.; = Roi(1 — fg—Jr’iu), and thus vaccination decreases the

PEip

basic reproductive ratio by a factor of 1 — ~ e

Second, since Ry ; is independent of ¢,
&, and 7,, R.; is a decreasing function of ¢ and &;, and an increasing function of 7, (and
therefore a decreasing function of 1/7,, the average length of immunity conferred by the
vaccination). This is expected, as increasing the coverage and efficacy of the vaccine, as
well as the duration of vaccine-induced immunity should only impede the strain’s ability
to establish itself in the population. Moreover, it is worth noting that if ¢ = & = 1 and
7, = 0, then R.; = 0; that is, if the entire population is vaccinated with a perfect vaccine

that confers lifetime immunity, then rotavirus can never become endemic, which is certainly

expected and therefore a necessary feature of our model.
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4.3.2 Singly Endemic States

Analysis of the stability of steady states E} and FEj of system (4.12) follows in a similar
manner to the characterization of the corresponding steady states of system (4.1). Using
standard linear stability analysis, it becomes clear that £} is an asymptotically stable fixed

point of the system if both eigenvalues of the matrix

Oloy  0loy AB2 — (yp + 1) Apap
U R 8 , (4.13)
g% 2% B BBap — (s + 1)

where A and B are parameter dependent constants, have negative real part. Therefore,
strain 2 can invade the population only if one of these eigenvalues has positive real part,

which happens exactly when

7%0,2 > 1,

where

>

__BS BV | Be(l-o)h
c,2 —
Tp T H Tp T M Vs + 1

(4.14)

4
El

Thus, strain 2 can persist in the population only if 7@0,2 > 1. By symmetry, we have the

B18 + Br(1-€1)V + Brp(1—0)Ys

endemic threshold for strain 1, R.; =
’ Tpt+u Ypti Vst

Ey

Replacing R, with R.; in cases (1)-(4) from Section 4.2.2, these cases still categorize
the asymptotic behavior of system (4.12). In particular, case (1) is impossible for the same
reason as in section 4.2.2; cases (2) and (3) result in strain 1 and 2 outcompeting the other,
respectively; case (4) is the setting in which the two strains can coexist for all time. Region
I of Figure 4.6 corresponds to the trivial case in which both R.; < 1 and R.» < 1, and
so neither strain can become endemic. Regions II and III of the same figure correspond to

cases (2) and (3), respectively, and regions IV and V both correspond to case (4).
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Figure 4.6: Rotavirus behavior as a function of transmission rates, with vaccination. In

region I, neither strain can be endemic. In region II, the first strain is attracted to the

stable non-trivial steady state E} , while the second strain becomes extinct. In region III,
the second strain is attracted to the stable non-trivial steady state Fy , while the first strain
becomes extinct. In region IV, both strains exist and oscillate. The blue curve denotes the
parameter values for which the steady state EY goes through a Hopf bifurcation. In region

V, both stains are endemic and are attracted to the stable fixed point Ey . The figure shown

is made from system (4.12) with & = 0.908 and & = 0.85.

Under case (4), the system either approaches a stable, dually endemic steady state or
settles into a stable periodic solution, as shown in Figure 4.6. Numerical analysis of the

asymptotic behavior of the system in either case follows directly from the analysis in Section

4.2.3, and so we do not repeat it here.

4.3.3 Comparison of effects of vaccination: North America vs South America

In order to evaluate the differential impact of rotavirus vaccination in various regions, we pa-
rameterize system (4.12) with continent-specific data, and compare the effect of vaccination
on populations in North and South Americas [73]. For the direct comparison of rotavirus
dynamics in pre- and post-vaccination eras in North America, Figures 4.2 and 4.6 are shown

together in Figure 4.7A. Similarly, rotavirus dynamics in pre- and post-vaccination eras in
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South America is shown in Figure 4.7B. We chose transmission rates §; and [ such that
the ratio of individuals infected with strain 1 (Ip; + Io1) to individuals infected with strain
2 (Ing + I12) at the fixed point EY is equal to the ratio of the prevalence of G1P[8] to the
prevalence of all other rotavirus strains in a given continent. Specifically, in North Amer-

ica, G1P[8] comprises 73% of all rotavirus strains. We therefore choose 3; and [ so that

% = 73/27 is maintained at Fy. Similarly, we choose ) and £, so that the ratio
Intl1 — 34/66 is maintained in South America. The transmission rates of rotavirus that

TIoo+112

satisfy this constraint for North America and South America are shown in light blue in Fig-
ure 4.7. For both North and South America, the introduction of vaccination can lead to long

term oscillations of the two strains for a range of transmission rates, #; and Gy (Figure 4.7).

20 T : : 20
|
e N | - ~~?

15 (R 15 o
N N /
@ 10 @ 10 N

A
I A I P 5¢ I st

1B1 15 20

181 15 20
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Figure 4.7: Continent specific parameterization for (A) North America and for (B) South
America. For both continents, the efficacy of the vaccination against strains 1 and 2 are
&1 = 0.9 and & = 0.85, respectively. The solid blue and red lines are the same as in Figure
4.2, the dashed blue and red lines correspond to the same threshold once vaccination is
introduced (¢ = 0.9). The light blue line is the curve of (5, f2) values that preserve the
ratio of strain 1 and strain 2 infected individuals at steady state EJ : % = «a, where
a = 73/27 for North America and o = 34/66 in South America. Region I is not shown, as
it is not considered in the following analysis, but it should be noted that the height of the
region is increased by a factor of 1/(1 — (¢&au)/(7, + 1)) and the width is increased by a

factor of (1/(1 — (¢&ap) /(70 + 1)), as Rei = Roi(1 — qsg_m)

To+p

Although it is difficult to pin down exact transmission rates and basic reproductive
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numbers, we choose transmission rates that give reasonable R values according to previous
estimates [65]. The basic reproductive numbers for each transmission rate are shown in Table
4.4. For each fixed transmission rate 3, the corresponding transmission rate [ is lower in
North America and higher in South America. This is consistent with the relative incidence

due to either strain in each continent.

Transmission rates and reproductive numbers

B, | 17.5 8 12.8
Roq | 17.4122 | 7.9594 12.7358
Rea1 | 16.8269 | 7.6923 12.3076
North America

B2 | 16.2709 | 6.1883 11.3938
Rop2 | 16.1893 | 6.1573 11.3366
Re2 | 15.8353 | 6.0226 11.0880
South America

Ba | 18.2446 | 9.0728 13.6028
Ro2 | 18.1531 | 9.0273 13.5346
Reo | 17.7313 | 8.8176 13.2201

Table 4.4: Transmission rates and corresponding basic reproductive numbers for each simu-
lation. The three ; values are used in simulations for both the North and South American
system, and the corresponding 5 value is shown in the same column beneath the appropriate

header.

Direct comparisons of primary infection dynamics after the introduction of a monovalent
vaccination in North America and South America were carried out (Figures 4.8 and 4.9).
We assume that vaccination is introduced into the population after the unvaccinated system
reaches steady state or limit cycle. For our simulations results, we assume that 8, = 17.5 for
both continents, and 35 = 16.2709 in North America and §y = 18.2446 in South America, as
indicated by the blue squares in Figure 4.7 (Figure 4.8A and 4.8C). In this case, Figure 4.7
confirms that the qualitative behavior of system (4.12) before and after vaccination remains
unchanged in both continents: the system is attracted to a stable steady state in both cases.
In Figures 4.8B and 4.8D, both continents are chosen to have transmission rate f; = 8, and
North America has corresponding rate Sy = 6.1883 while South America has corresponding
rate By = 9.0728. As indicated by the blue triangles in Figure 4.7, these transmission rates

put both continents in a regime under which the system is attracted to a stable limit cycle
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both before and after vaccination.
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Figure 4.8: Primary infection behavior before and after vaccination is introduced to North
and South America. Figures A and C. The system is parameterized with transmission
rates corresponding to the blue squares in Figures 4.7 A and B, respectively. The system
starts in its pre-vaccination steady steady and 90% of individuals receive the vaccination at
time ¢ = 500 weeks, denoted the the dashed vertical line. Figures B and D. The system
is parameterized with transmission rates corresponding to the blue triangles from Figures
4.7 A and B, respectively. The system starts in its pre-vaccination limit cycle and 90% of
individuals receive the vaccination at time ¢ = 500 weeks, denoted the the dashed vertical
line. In all four cases, the stability behavior of the system is not affected by the vaccination:
the system in Figures A and C is attracted to a stable fixed point, and in Figures B and D

is attracted to a stable limit cycle before and after vaccination is introduced.

In all cases shown in Figure 4.8, the total primary infected states initially decrease, then
recover to levels close to pre-vaccination levels. In Figure 4.8A, the total primary infection

in North America decreases for the first half of a year, then begins to recover, and reaches
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levels similar to its pre-vaccination state after roughly five years, after which the total primary
infection levels remain roughly constant. The growth in primary infected states is due to
an increase of individuals infected with strain 2, despite a substantial drop off of strain 1
infections caused by the greater efficacy against strain 1. In Figure 4.8B, the introduction of
vaccination leads to an immediate and significant reduction in the total incidence of primary
infection, with only strain 1 persisting at a considerably reduced level for roughly ten years.
After such time, the oscillations in the dominant strain continue.

The behavior of the system parameterized by South American strain data provides fur-
ther insights into the effect of vaccination at different strain distributions and transmission
rates (Figures 4.8C and 4.8D). The qualitative behavior of the primary infected states in
South America is not drastically altered by vaccination (Figure 4.8C). The total incidence
of primary infection is not substantially lowered, and recovers to pre-vaccination levels in
about year. However, when transmission rates of both strains are relatively low, vaccination
is shown to result in a dramatic decrease in both strains (Figure 4.8D). Before vaccination
is introduced, the two strains oscillate dominance over time: strain 1 dominates for periods
lasting roughly five years, followed by a switch after which strain 2 dominates for roughly
eight years. For about twenty years after vaccination is introduced, however, strain 1 is
nearly nonexistent in the population and strain 2 persists at a reduced level compared to
the pre-vaccination era (Figure 4.8D).

Figure 4.9 shows the most striking difference in the effect of vaccination between system
(4.1) parameterized by North and South American strain data. With transmission rate
B1 = 16.5 for both continents and S = 15.2 in North America and $, = 17.15 in South
America (see the blue circles in Figure 4.7), both systems are attracted to a stable steady
state before vaccination is introduced. When vaccine is introduced into South America,
the prevalence of both strains quickly decreases and approaches a new steady state (Figure
4.9B). On the other hand, in North America, the two strains begin to oscillate over time

after the introduction of vaccination (Figure 4.9A).
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Figure 4.9: Primary infection behavior after vaccination is introduced to North and South
America. Figure A shows the behavior of the primary infected states Iy, and Iy in North
America before and after the introduction of the vaccine, with transmission rates correspond-
ing to the blue circle in Figure 4.7 A. Before the vaccine is introduced, the system is attracted
to a stable steady state, but upon the introduction of vaccination at ¢ = 500 weeks (vertical
dashed line), the system is instead attracted to a stable limit cycle, resulting in oscillatory
behavior in the primary infected states. Figure B shows the behavior of the primary infected
states in South America before and after the introduction of the vaccine, with transmission
rates corresponding to the blue circle in Figure 4.7 B. The system is attracted to a stable
steady state before and after the introduction of vaccination at t = 500 weeks. The total
incidence of primary rotavirus infection initially decreases, but recovers to pre-vaccination

levels within approximately ten years.

In all cases studied (Figures 4.8 and 4.9), the average incidence of strain 1 is lower after
vaccination is introduced relative to its prevalence before vaccination, while the incidence of
strain 2 is increased on average after vaccination. This is due to the greater efficacy against
strain 1 versus that of strain 2. Moreover, if we decrease the efficacy of vaccination against
strain 2 from & = 0.85, the incidence of strain 1 decreases and the incidence of strain 2

increases until the strain 2 overtakes strain 1 as the dominant strain (Figure 4.10).

98



x 10
5 :
17} : —Im
2 3 | — g
< g 4 ! o
) N ! 01" 02
2 2 !
g % 3 | NN .
S o) PSRV -
(9} “— IYARS
E £ ' b
> 9
ol 5 f
1S g 1r 1
o o |
0 ‘ ‘ ‘: % 500 T1_060 15|£J0) 2000 2500
0 0.2 0.4 0.6 0.8 1 ime (weeks
&, (A) North America B,=17.5, B,=16.2709

Figure 4.10: Effect of strain 2 efficacy on strain prevalence. (Left) As & decreases from
& = 0.85, the steady state of the strain 1 primary infected class decreases, with the strain 2
primary infected class increases. The dominance of the two strains switches around &, = 0.8,
below which the population is at risk for dominant strain replacement due to vaccination.
The system is parameterized with North American data in this figure, with g; = 17.5,
Po = 16.2709, ¢ = 0.9, and & = 0.9. (Right) An example of dominant strain replacement
with & = 0.65. After the introduction of the vaccine, strain 2 overtakes strain 1 as the most

abundant rotavirus strain.

4.4 EXTENDED MODEL WITH REINFECTION

In the preceding analysis, we assumed individuals could not become reinfected with strain
1 = 1,2 before becoming infected with strain j # ¢, based on the findings that secondary
infections were more likely to be caused by another strain due to homotypic protection
and that protection following natural infection was predominantly against homotypic strains
(Velazquez et al. 1996, Clarke and Desselberger 2015). Because there is conflicting evidence
that rotavirus infection provides no such homotypic protection (Gladstone et al. 2011), here
we extend our model to allow individuals to become reinfected with the same strain without
experiencing infection from the other.

We now assume that after individuals recover from primary infection due to strain¢ = 1,2
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and are now in class Y;, they can become reinfected with strain i at rate (1 — 6)\; and enter
the new secondary infection class ;. From this class, individuals recover at rate 7, and
enter recovered class R;. These interactions are shown in the model diagram Figure 4.11.

Since we have added two new infected classes, the force of infection for strain ¢ is now

N = Bildoi + p(Lii + 1j;)).

Tu (1-4)

Birth T ¢'

Figure 4.11: Model diagram with reinfection. Natural mortality rate p not shown.
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Under these new assumptions, we arrive at the following system of differential equations:

% = pN — (tn +p)M

B = 71 =@M+ 7,V = MS — XS — uS

& = oM =7,V — (1 =)V — (1= &)AV —uV
o = \NS+ (1 =&)MV — (1 + p)ln

o = (1-0MYi— (v + )

@ — (1—o)\Ya+ (1= O)NH — (vs + )]

dc% = S+ (1 —=E&)AV — (9 + ) Loz

o2 = (1= 0)AYo — (75 + p) o

! (4.15)
% = (1=0)AY1+ (1= 0)\oH — (s + 1) 12

= I+ vsln — TR — ply

G = ylog + 75l — Ry — iRy

vy — TpRQ — (1 — 9))\2}3 — (1 - U))\lyé - /’LY’Q

D~ 2Ry — (1= MY — (1 — o)AV — puYs
W — o Iy + sl — T W — W
= 7 W —(1-0)(M+ X)H — uH.

The qualitative behavior of system (4.15) is similar to that of system (4.12). Figure
4.12 shows the behavior of system (4.15) as a function of transmission rates before and
after vaccination is introduced. The labeled regions in Figure 4.12 are analogous to those

in Figures 4.2 and 4.6. In particular, in region II, only strain 1 can persist, and in region
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III, only strain 2 can persist. The two strains can coexist in regions IV and V, though both
strains oscillate over time in region IV, while the system is attracted to a stable steady state

in region V. This behavior as a function of transmission rates is identical to that of system

(4.12), though the shape and size of each region is now changed.
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Figure 4.12: Rotavirus infection behavior as a function of transmission rates. Figure A
shows the behavior without vaccination, and Figure B shows the behavior after vaccination
is introduced, with ¢ = 0.9, & = 0.9, and & = 0.85. In both figures, the red and blue curves

are analogous to those from Figures 4.2 and 4.6.

Simulations confirm the similarity between the behavior of systems (4.12) and (4.15). Fig-
ure 4.13 shows the effect of vaccination on the primary infected states from system (4.15),
parameterized with both North American and South American strain data. As with the
analogous Figures 4.8 and 4.9, the introduction of vaccination leads to a substantial and im-
mediate decrease in the overall prevalence of primary rotavirus infection, with the incidence

levels recovering to nearly those of the pre-vaccination era after approximately ten years.
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Figure 4.13: Primary infection class behavior before and after introduction of the vaccine.
In both figures, the vaccine is introduced at ¢ = 1000 weeks, indicated by the vertical dashed
black line, with ¢ = 0.9, & = 0.9, and & = 0.85. Figure A shows the primary infected
classes when the system is parameterized with North American strain data. Figure B shows
the system parameterized with South American data. In both cases, the total incidence of
primary infection decreases greatly following the introduction of vaccination, but recovers to

near pre-vaccination levels after approximately a decade.

4.5 DISCUSSION

The oral rotavirus vaccine Rotarix® manufactured by GlaxoSmithKline is currently in use
worldwide, including the United States, Mexico, Brazil, eleven other countries throughout
the Americas [60], greatly reducing the incidence rate of severe gastroenteritis caused by
rotavirus. Rotarix has the potential to decrease the total incidence rate in any other na-
tions as well; however, several factors should be considered before implementing a rotavirus
vaccination program. In particular, since Rotarix is a monovalent vaccine and strain distri-
butions can vary widely from country to country, it is worthwhile to study the possibility
of the selection pressure exerted by the use of monovalent vaccine in countries with various
distributions.

In this chapter, we first developed a two-strain system of equations modeling rotavirus

103



transmission with partial cross-immunity to determine epidemic thresholds for one or both
strains. We then extended our system to include vaccination, determined the new epidemic
thresholds, and compared these in North and South Americas. As expected, the basic
reproductive ratio for both strains decreases with the introduction of vaccination. The
decrease is small, however, because the duration of immunity conferred by the vaccine is
relatively short. Nevertheless, the severity of rotavirus infection decreases with age, and
thus the role of vaccination in shifting the average age of infection is critical. Using available
strain distribution data, we then parameterized the system using data from two continents
with widely different strain distributions and compared the effect of vaccination between the
two. In North America, G1P[8] is responsible for 73% of all rotavirus infections, whereas in

South America, G1P[8] results in 34% of all rotavirus infections.

Our results indicate that the effect of vaccination is dependent on both the strain dis-
tribution and the overall transmission rates, and consequently the basic reproductive ratios.
In both North and South Americas, the use of Rotarix is likely to reduce total rotavirus
incidence immediately after introduction. The regions with lower transmission rates are ex-
pected to observe the initial reduction in rotavirus cases for longer durations than the regions
with higher transmission rates. However, regardless of transmission rates, the prevalence of

rotavirus is expected to recover to nearly pre-vaccination levels after approximately a decade.

In all cases, the reduction in G1P[8] due to vaccination was greater than the reduction
in the composite strain 2, due to greater efficacy of Rotarix against G1P[8] relative to all
other strains. This is consistent with observations following the introduction of Rotarix in
American populations [38]. Moreover, the initial decrease in infection incidence is in general
larger than the long-term decrease in cases. Our model predicts that the greatest reduction
in cases of rotavirus occurs immediately following vaccination introduction to about ten to
twelve years after introduction, after which time the total prevalence of rotavirus infection
returns to near pre-vaccination levels.

Importantly, our model predicts in regions such as North American where G1P[8] con-
stitutes a majority of rotavirus cases, dominant strain replacement is possible after the
introduction of vaccination. Rotarix is most effective against G1P[8] relative to any other

strain, resulting in a larger relative decrease in the infection levels due to that strain. In
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North America where G1P[8] is the most prevalent, the use of Rotarix might therefore exert
selective pressure in favor of a previously less abundant rotavirus strain, which then will
establish itself as a dominant strain [53]. In South America, however, G1P[8] comprises a
much smaller proportion (~ 34%) of all rotavirus cases. Consequently, the other rotavirus
strains continue to dominate G1P[8] after the introduction of Rotarix, and dominant strain

replacement is not expected to be observed.

Our assumption that all non-G1P[8] strains are grouped together in strain 2 is done for
mathematical simplification purposes, but the results shown here will likely extend natu-
rally to a three or more strain model. In particular, if we include in our model a separate
compartment for each of the five most common strains, we could use the methods described
here to compute basic reproductive numbers for each strain, as well an invasive reproductive
numbers that determine when a strain can invade and persist in the population given that
one or more strains is already endemic. However, our two strain model is advantageous in
that it is mathematically tractable, and provides valuable intuition on the overall effect of

vaccination on rotavirus prevalence.

Similarly, our assumption that individuals are not susceptible to reinfection with strain
1 = 1,2 before infection with strain j # i was a mathematical simplification and was based
on the findings that secondary infections were more likely to be caused by another strain
and that protection following natural infection was predominantly against homotypic strains
[16, 93]. When we relax this assumption and allow for reinfection, the model predicts small
quantitive changes in the outcome of vaccination, increasing the size of the region in trans-
mission rate parameter space over which the system oscillates, but we do not observe any

new qualitative behaviors in the system.

Our analysis predicts a rebound in rotavirus incidence five to twenty years after the
vaccine is introduced, although the United States has yet to see such a rebound in the six
years since the introduction of Rotarix [61]. One reason that the model-predicted rebound
might not be observed is that the pentavalent rotavirus vaccine RotaTeq is also in use in the
United States, which we did not include in our model. Another, more probable reason why
such a rebound might never be observed is that Rotarix provides partial immunity against

rotavirus for up to twelve years, and the severity of the symptoms associated with rotavirus
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decreases with age, with many cases being asymptomatic in adults [93, 97]. Since our model
is not age structured, it does not differentiate between infected children and infected adults,
and so many of the model-predicted infections are likely mild or asymptomatic, and would
likely go unreported.

Our study shows that the impact of rotavirus vaccination can be significantly affected by
region-specific parameters, including strain distribution as well as transmission rates. The

model can be adapted to study other infectious diseases that persist in multiple strains.

4.6 APPENDIX: OSCILLATION ANALYSIS

Numerical observations about the behavior of the system drive the study of the oscillations.
First, the dynamics of the state variables Y; and Y5 seen in Figure 4.14A and B are slow
relative to the dynamics of the infected states shown in Figure 4.4A. Second, Figure 4.14C
shows that the variable H has relatively small changes in amplitude as it oscillates. Indeed,
if the dynamics of H are frozen so that H is fixed at some intermediate value, the system

still oscillates for a range of 5, and (5 values.
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Figure 4.14: (A) and (B): Y7 and Y5 are slow variables. (C) H has relatively small oscillations.

We therefore fix the value of H at an intermediate value and introduce a time-scaling
parameter 7, to slow down the dynamics of ¥} and Y5 simultaneously. As 7, is decreased
from 1 to 0, the period of the oscillation increases, and the system stops oscillating when

7, = 0; that is, oscillations vanish when the dynamics of Y} and Y, are completely turned
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off. When 7, is small, however, Y; and Y5 remain (approximately) on a line with respect to

one another, as seen in Figure 4.15.
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Figure 4.15: Y5 grows approximately linearly with respect to Y; for small values of 7,. Here,

H = 0.575 is fixed, 7, = 0.01, (81, 3:) = (10,7), ¢ = 0, and Y5 ~ —.02314Y; + 0.0774.

We exploit this observation by treating Y] and Y, as parameters, with the constraint that
they both stay on the line Y5 = b + aY5, where a and b are approximated from Figure 4.15.

Treating Y; and Y5 as parameters in this way eliminates the oscillations in the system.
Instead, the system is generically attracted to one of two steady states: one with strain 1
endemic and strain 2 extinct, the other with strain 2 endemic and strain 1 extinct, which
we call B and FEJ, respectively. Figure 4.16 shows the stability of the two fixed points as
the parameter Y7, and consequently Y5, varies. When Y; is small, the Ef is stable and Ej
is unstable. As Y] increases past some critical threshold, the two steady states immediately

switch stability: E} becomes unstable and E3 becomes stable.
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Figure 4.16: Stability switches from strain 1 being “on” and strain 2 being “off” to strain
1 being “off” and strain 2 being “on” past a critical value of Y;. (81, 52) = (10,7), ¢ = 0.
Bifurcation at Y; = 0.28828.

This instantaneous switch in the stability of the system is due to a degenerate hyperplane

of fixed points at the critical value of Y;. In particular, at E}, we must have

dly;
=0
dt
dl};
=0
dt
which occurs if and only if
Biloi + pLi)S — (vp + 1) loi = 0 (4.16)
(1 =0)Y; 4+ (1 =0)H] Bi(loi + plji) — (s +mu)l;; = 0. (4.17)
Equation (4.16) is satisfied if and only if
BipS

Iy (4.18)

I'iv
(Vo + 1) — BiS™

and by plugging (4.18) into (4.17), we get
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BipS
(Vo + 1) = B:S -

If I;; # 0, then % =0 and % = 0 if and only if

1;
dt

BipS*

S A

p)— (s +mn) =0,
or equivalently,

S = —Ziiz(%(%ﬂw—ﬁm[(l—ﬂ)yjﬂ%l—9>H]>)= (4.19)

where S is the value of S at the fixed point E;. Thus, E} and E3 coincide if and only if

St =S, (4.20)

In this case, Ip1, lo2, Io1 and I15 are all nonzero and from system (4.1) we have % =0 if

and only if
% TMM
SZ' —
B1(lor + plor) + Bo(log + plia) — i
TMM

N Br(ar + p) It + Bo(ag + p) 12 — (4.21)

where a; = (6:pS7)/ (v + 1t — B:S7).

Setting equations (4.19) and (4.21) equal defines a line in the I-1;5 plane, along which
the reduced system is at a steady state. Since Iy, = «a;lj;, the line of fixed points in the
I51-115 plane defines a hyperplane of fixed points in Iy;-Ige-I21-112 space.

This hyperplane exists only if equation (4.20) is satisfied. Given our requirement that

Yy = b+ aYi, equation (4.20) is equivalent to

(81— B2) (s + ) b

h ﬁ152/?(1_‘7)(1_a>+1_a

: (4.22)
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which, when evaluated at parameter values specified in our simulation, is exactly the bifur-
cation value of Y] as in Figure 4.16.

To visualize this bifurcation in system (4.1), we now allow Y] and Y3 to vary as dynamic
variables, but slow down their dynamics by a factor of 7, = 0.01 and continue to treat H as a
parameter fixed at H = 0.575. Figure 4.17 shows the infected state s versus the susceptible
class Y;. The vertical dashed line coincides with the critical value of Y; from Figure 4.16.
Beginning in the lower left corner of the oscillation in Figure 4.17, as Y] increases through
the critical value of Y7, the stability switches from strain 1 endemic to strain 2 endemic, and
Ips quickly grows to a steady state. After Iy increases, Y; begins to decrease again because
all of the individuals who are susceptible to only strain 2 (i.e., individuals in class Y7) quickly
begin to become infected. Once Y; decreases past the critical Y; value, the incidence of strain

2 drops off sharply and Y; begins to increase again.
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Figure 4.17: Y] plotted against [y, in the full system with Y; and Y; slowed down by a factor
of 7, = 0.01, and H frozen at 0.575. In this case, the transmission rates are (81, 2) = (10,7),
and there is no vaccination (¢ = 0). After Yj passes a critical threshold from left to right
along the bottom of the blue curve, there is a relative abundance of individuals who are
susceptible to strain 2 but not strain 1, and strain 2 gets turned “on.” Iy, remains on until
Y; falls below the critical value, after which strain 2 is turned “off” and strain 1 is turned

(13 7

on.

In terms of a population, this means that while strain 1 is infecting a large proportion

of the population, strain 2 is almost extinct. Consequently, much more individuals become
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infected with strain 1 than strain 2, and upon recovery, they are only susceptible to strain 2.
The switch between strain 1 being the more prevalent strain to strain 2 taking over occurs
when the number of individuals susceptible to only strain 2 surpasses a critical threshold.
Immediately after the switch, there are much more individuals only susceptible to strain 2,
but as these individuals become infected and recover, more will be susceptible to only strain
1, prompting another switch in the dominant strain back to strain 1, and the cycle repeats.
The class of individuals who have recovered from strain ¢ and are susceptible only to strain
7 are therefore the driving force behind the oscillations: both strains require a sufficient
number of susceptible individuals available only to that strain in order to infect a nontrivial
proportion of the population. However, since the number of individuals who are susceptible
to only strain 1 is inversely proportional to that of those susceptible to only strain 2, the

two strains oscillate dominance over time.
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5.0 CONCLUSION

The chapters of this thesis contain a variety of results, both mathematical and biological,
arising from questions concerning pathogen dynamics. The primary focus is on the devel-
opment and analysis of simple mathematical models to study complex dynamics, and we
consider these on a variety of scales, from within host to without, and populations well-
mixed to spatially homogeneous. Our results have produced testable predictions, interesting
mathematical problems, and questions open to future study.

In Chapter 2, we studied the competition for space and resources between the host’s
native microbiota and invasive Salmonella Typhimurium within the inflamed mammalian
intestinal tract. A key factor that facilitates S. Typhimurium invasion their ability to main-
tain two phenotypically distinct subpopulations: one fast growing avirulent population, and
a slower growing virulent population. Importantly, the avirulent cells can activate a vir-
ulence factor and consequently switch into the virulent subpopulation. We developed an
optimization method to determine the minimum population size with which the salmonella
must invade so that they will outcompete the established microbiota population. We use this
method to make experimentally testable predictions about the optimal initial proportion of
avirulent cells in the invading population and about the virulence factor activation rate that
maximize the chance of a successful invasion.

A simple within-host Lokta-Volterra-type competition model between virulent S. Ty-
phimurium and native commensal microbiota was presented by Brown et al. in [13]. They
encapsulate the net advantage S. Typhimurium gains over the microbiota in a scaling param-
eter on the mass action competition term. An extended model that considers the competition
of both avirulent and virulent phenotypes with commensal microbiota was presented in [23].

Their model was the first to separately consider the two salmonella phenotypes to study co-
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existence between them. Our model advances the field further by explicitly coupling a model
for the inflammatory immune response with both the food and differential killing hypotheses

proposed by Stecher and Hardt in [83], thereby creating a unified competition structure.

Cooperation among organisms is an anomaly when survival is viewed as a competition.
The self-destructive cooperation of the virulent bacteria within S. Typhimurium populations
has therefore been studied extensively [1, 23]. How such a self sacrificing relationship might
have evolved remains an open question, however. Such questions related to evolutionary
dynamics are frequently studied using stochastic methods, modeling phenotypic variation as
a random variable [31, 57]. Applying existing methods to the question of the coevolution of
the two distinct phenotypes in the context of maximizing their success against commensal
microbiota presents an immediate and substantial issue: most stochastic processes used to
study evolution (e.g., Moran processes, branching processes) consider a single stochastic
variable, and the inclusion of a second stochastic variable makes the development of an
analytically tractable model difficult or impossible. The construction of a framework in
which two or more stochastically varying populations evolve would be both beneficial to the

study of S. Typhimurium and also groundbreaking in the study of evolutionary dynamics.

In Chapter 3, we analyzed an anomalous behavior observed in interacting bacterial pulses
in a one-dimensional nutrient gradient. When two populations of E. coli are placed on
opposite ends of a long plate that contains a uniform supply of nutrient in the interior, both
populations will initially form pulses and move up the nutrient gradient toward one another.
The bacteria will often meet somewhere in the middle of the plate and form a single, larger
pulse, but occasionally they will instead change direction and move back toward the end of
the plate from which they came. Using the classic Keller-Segel partial differential equations
model for bacterial chemotaxis, we captured this turn-around behavior analytically. In order
to study the effects of model parameters on the transient behavior of the two interacting
populations, we used Gaussian distributions to approximate the spatial profile of each model
variable. This approximation allowed us to derive an ordinary differential equations model
for the dynamics of the spatial moments of each variable, which agrees qualitatively with
the Keller-Segel model in many important ways. Using our approximate model, we were

able to determine parameter settings in which the bacterial populations are predicted to
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turn around and those in which they will combine. For example, if the bacterial population
size is increased, our model predicts that a higher proportion of trials will result in the two
populations turning around. If the medium is made more fluid, more trials are expected to

result in the populations combining.

The work in Chapter 3 is the first to consider transient direction switches in the collec-
tive behavior of bacteria. The system of ODEs we derived using a Gaussian approximation
to the spatial profile of each population considered is similarly the first of its kind applied
to collective behavior models. This type of approximation can naturally be applied to any
spatio-temporal system in which each spatial profile is approximately symmetric and pul-
satile. On the other hand, populations whose dynamics evolve according to the Keller-Segel
equations do not necessarily maintain such a pulse-like shape. For instance, bacteria can
move as an asymmetric front, or largely diffuse out and never aggregate in the interior of
the domain before forming a pulse along a spatial boundary. Our approximation therefore

only holds under conditions that induce symmetric, interior pulse formation.

A natural extension of the work conducted in Chapters 2 and 3 is to explicitly consider the
spatial dimension of bacterial competition. A shortcoming of well-mixed Lokta-Volterra-type
competition models is that they necessarily result in competitive exclusion: one population
must drive the other to extinction. Spatial models can allow for coexistence of the competing
species [3, 88]. In the case of bacterial invasion of the gut, this might correspond to the
salmonella outcompeting the native microbiota in a patch of the intestinal lining. This more
closely reflects the biology, as the salmonella do not uniformly eliminate all of the host’s
microbiota upon successful invasion. Our method described in Chapter 3 of approximating
spatial moments of bacterial populations can be applied to analyze such a model, to efficiently

consider the effect of varying model parameters.

In Chapter 4, we used an extended SIR-type, two-strain epidemiological model to study
the transmission of rotavirus in a human population, before and after the introduction of
the monovalent vaccination Rotarix. We considered the overall effect of the vaccination on
the proportion of the infected individuals over time, and on the effect it has on epidemic
thresholds (that is, the basic reproductive ratios). Our results indicate that the effect of

vaccination is dependent on both the strain distribution and the transmission rates of both
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strains. In all cases considered, the use of Rotarix reduced total rotavirus incidence im-
mediately after introduction. Regions with lower transmission rates, however, are expected
to observe a longer duration of decreased rotavirus incidence following the initial reduction
after the vaccine is introduced than the regions with higher transmission rates. However,
regardless of transmission rates, the prevalence of rotavirus is expected to recover to nearly
pre-vaccination levels after approximately a decade. Importantly, our analysis predicted that
in regions where strain G1P[8] constitutes a majority of rotavirus cases, dominant strain re-
placement is possible after the introduction of vaccination.

The issue of dominant strain replacement is important because it introduces a new
pathogen into a naive population, which consequently weakens our ability to control its
spread and effects [53]. Our model is general enough in structure that it can be readily
adapted to model other viruses that maintain more than one strain, thereby helping to
predict mechanisms by which strain replacement can occur. Another important study that
could accompany our analysis is one that considers cost-effectiveness of vaccination imple-
mentation. Understanding the cost of a vaccination program versus the cost of healthcare
and lost work time due to illness is crucial in determining whether it is economically viable
to institute a mass vaccination program, and detailed models such as ours can help provide

accurate estimates of these expenses [80].
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