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Abstract

Autonomously replicating extra-chromosomal elements called plasmids can cause cel-
lular heterogeneity by varying plasmid copy numbers. The present thesis deals with
the long-time distribution of plasmids in a bacterial population. Firstly, vertical gene
transfer in a bacterial population structured by the number of plasmids is modeled.
The resulting model equations are hyperbolic transport equations with an integral
term. Secondly, the associated eigenproblems are analyzed using theory of semigroups
of operators, theory of positive operators, and the Laplace transform. Spectral analy-
sis and the Generalized Relative Entropy method are used to obtain stability results.
Numerically constructed eigensolutions visualize the long-time distribution of plasmids
in the vertical gene transfer models. Finally, horizontal gene transfer of plasmids is
included into the model.

Zusammenfassung

Extra-chromosomale Elemente, die sich selbststandig replizieren und als Plasmide be-
zeichnet werden, konnen durch unterschiedliche Plasmidzahlen zellulédre Heterogenitat
verursachen. In der vorliegenden Arbeit wird die langfristige Verteilung von Plas-
miden in einer Bakterienpopulation untersucht. Zuerst wird vertikaler Gentransfer
in einer Bakterienpopulation, die nach der Anzahl der Plasmide strukturiert ist, mo-
delliert. Die Modellgleichungen sind hyperbolische Transportgleichungen mit einem
Integralterm. Die entsprechenden Eigenprobleme werden mithilfe der Halbgruppen-
theorie von Operatoren, der Theorie positiver Operatoren und der Laplace Transforma-
tion analysiert. Spektralanalyse und die Verallgemeinerte Relative Entropie Methode
liefern Stabilitatsergebnisse. Numerisch konstruierte Eigenlosungen visualisieren die
Langzeitverteilung von Plasmiden in den vertikalen Gentransfermodellen. Zuletzt wird
dem Modell horizontaler Gentransfer von Plasmiden hinzugefiigt.
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1 Introduction

Bacterial populations can be heterogeneous even if they are grown from a single bac-
terium [2]. For example, regarding the number of plasmids, which are autonomously
replicating extra-chromosomal genetic elements, bacteria may vary from being plasmid-
free to containing several hundred plasmids [21]. Plasmids can carry genes that are
beneficial to bacteria like, for example, resistance or metabolic properties, but they also
are a metabolic burden to the host bacterium [45]. As bacteria reproduce asexually,
plasmids are essential for the genetic variability, adaptation, and evolution of bacterial
populations [45,79]. They can be transferred vertically, i.e., from one generation to
the next, or horizontally, i.e., between two individuals that are not necessarily related.
In particular, the spread of antibiotic resistance genes via plasmids and their use as
vectors in biotechnology make plasmids interesting objects of study.

Plasmids are very diverse and can be classified in many ways [98]. For example, one
can distinguish plasmids with only few copies per cell and plasmids with many copies
per cell. The former are referred to as low-copy plasmids and the latter as high-copy
plasmids [95]. As plasmids are genetic elements, they reproduce by replication [98].
The replication of low-copy plasmids is usually strongly regulated and coupled to the
cell division cycle of the host. For high-copy plasmids, this is typically not the case.
They replicate throughout the cell division cycle until they reach their characteristic
copy number [56,95].

For biotechnological use, the genes for the production of a protein are inserted into
the plasmid genome so that plasmid-bearing bacteria produce this protein. The first
hormone produced this way and made available for clinical use was insulin [22]. Today
there is a wide range of substances produced with this method like antibodies or blood
clotting factors [22]. In order to increase protein production, high-copy plasmids are
commonly used in biotechnology [22]. If there are more copies of the gene in the cell,
then the cell also produces more protein. However, with the plasmid copy number
also the metabolic burden of the bacterium increases, possibly to the point that the
bacterium becomes inactive and it does not produce the target protein anymore, or cell
division ceases [77]. Thus, for stable production, it has to be ensured on the one hand
that the plasmid is not lost and on the other hand that it does not accumulate. By
inserting not only the DNA of the target protein but also antibiotic resistance genes
and adding antibiotics to the growth medium of the bacteria, one can assure that only
plasmid-bearing and therefore producing bacteria survive. However, this procedure is
costly as antibiotics are expensive [22]. Moreover, the accumulation of plasmids cannot
be prevented in this manner. Therefore, it is of interest to study the mechanisms that
may lead to either plasmid loss or accumulation.

Bacterial populations, structured populations, and also plasmids have been exten-
sively studied. Mathematical models for plasmids often distinguish only between
plasmid-free and plasmid-bearing cells [55,57,61,62,97]. However, there are also models
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that take into account the number of plasmids [14,38,74]. Plasmids have been mod-
eled using both deterministic [62,74,92,97] and stochastic models [55,73,99]. Plasmid-
induced antibiotic resistance has been studied due to its great importance for clinical
applications [25,62]. Also other aspects have been modeled and studied, for example,
the copy number of plasmids [5, 14, 81], the time to plasmid half-elimination in the
bacterial population [38], or the molecular mechanisms of plasmid replication [6,59].
Both vertical [38,74] and horizontal [25,55,57,61,92,97] plasmid transfer have been
studied.

Besides mathematical models for plasmids, also structured populations [18,24,43,64,
68] and physiologically structured cellular populations [4,10,29,83] have been studied.
Models for a population structured by a continuous variable are often characterized
as growth-fragmentation models or growth-fragmentation-death models [9, 19,29, 72].
For the analysis of models of cellular or bacterial populations structured by some
variable representing, e.g., age, size or protein-content it is sometimes assumed that
cell division only occurs if the structuring variable exceeds a certain threshold [4,19].
This threshold is, in general, positive as there is, e.g., a minimal size, age, or protein-
content necessary for cell division. However, in the models for bacteria structured by
the number of plasmids this is not the case: bacteria do not need a minimal amount
of plasmids for cell-division. In order to incorporate both the possibility of plasmid
loss and reproduction of plasmid-free bacteria there is no such threshold in models for
bacteria and plasmids.

The mathematical methods used in the analysis of physiologically structured popu-
lation models or plasmid models include the theory of semigroups of operators [50,72,
103], theory of positive operators [19,29], and the Laplace transform [48]. Arino [4]
gives an overview of mathematical models for cell population dynamics and the meth-
ods used for their analysis. For hyperbolic equations, the method of characteristics can
be used to obtain existence of solutions [29]. The stability of solutions can be studied
using spectral analysis [48,72] or the Generalized Relative Entropy method [70,83].

In the present thesis, we study the distribution of high-copy plasmids as these plas-
mids are commonly used in biotechnology in order to increase the yield. We are in
particular interested in the long-time distribution of plasmids in a bacterial popula-
tion.

As with an increasing number of plasmids bacteria become inactive and both cell and
plasmid reproduction ceases, it makes sense to assume that there is a maximal number
of plasmids a bacterium can carry. This behavior can, for example, be modeled by
logistic plasmid reproduction. Furthermore, the behavior of bacteria changes with the
number of plasmids and therefore both cell division and death rate, in general, depend
on the number of plasmids. At cell division, plasmids are distributed to the two
daughter cells. The plasmid segregation kernel models how plasmids are segregated,
i.e.;, whether there is random segregation, a unimodal, or a bimodal distribution of
plasmids. There are no existence and stability results for the eigenproblem associated
with the model of a bacterial population structured by the continuous plasmid load
with logistic plasmid reproduction, non-constant cell division and death rate, and a
general plasmid segregation kernel.

We consider a hyperbolic transport equation with an integral term that models a
bacterial population structured by the number of plasmids. The model includes the



growth of bacteria with respect to (w.r.t.) the structuring variable, i.e., the number of
plasmids increases by plasmid reproduction. It also includes fragmentation of plasmids
at cell division and death of bacteria. Thus, it is a growth-fragmentation-death equa-
tion. Since we are interested in the long-term distribution of plasmids in the bacterial
population, we consider the associated eigenproblem and analyze the stability of the
eigensolution using spectral analysis and the Generalized Relative Entropy method.
We extend existence and stability results for growth-fragmentation-death equations.

This thesis is structured as follows: firstly, in Chapter 2, we give biological back-
ground information about plasmids, Vertical Gene Transfer (VGT) of plasmids, and
the most important mechanisms of Horizontal Gene Transfer (HGT) of plasmids. Sec-
ondly, Section 2.2 contains definitions, lemmas, and theorems that are used in this
thesis.

In Chapter 3, we study VGT of plasmids. To this end, we derive a model for
a bacterial population structured by the discrete number of plasmids. We consider
two different cases for plasmid segregation in bacteria with only few bacteria. For
each case, we obtain a VGT model. Since we are interested in high-copy plasmids,
we take the continuum limit and obtain two models consisting of hyperbolic integro-
partial differential equations. These models are referred to as regular and singular
VGT model, respectively. The regular VGT model is analyzed in Section 3.2 and
the singular VGT model in Section 3.3. The long-time distribution of plasmids in
the bacterial population is studied by considering the associated eigenproblems and
showing existence of eigensolutions for each of these models. For the stability analysis
of the eigensolution, we use spectral analysis and the Generalized Relative Entropy
method. Finally, we construct eigenfunctions numerically for these models and thereby
visualize the expected long-time behavior.

We include HGT by conjugation in Chapter 4. As conjugative plasmids are typically
single-copy plasmids, we analyze the distribution of a mobilizable high-copy plasmid
in a bacterial population where we have a subpopulation of bacteria containing a con-
jugative plasmid and a subpopulation that does not carry the conjugative plasmid. In
the same way as in the VGT models we derive a model consisting of integro-partial dif-
ferential equations by first creating a model for the bacterial population structured by
the discrete number of mobilizable plasmids and then passing to the continuum limit.
We analyze the model by considering the long-time development of the proportion of
bacteria without the conjugative plasmid.

In Chapter 5, we summarize the results and conclude.

At the end of this thesis, a list of abbreviations and notations and an index is included
for the convenience of the reader.

Parts of this thesis have been published, submitted, or are in preparation for sub-
mission. The derivation of the singular model is as in the submitted publication [74].
The derivation of the regular VGT model, its analysis, and the numerical construction
of the eigenfunction were published [96]. A publication of the analysis of the singular
VGT model is in preparation [75]. There is also one further submitted paper that is
not a part of this thesis [94].






2 Background

2.1 Biological Background
2.1.1 Plasmids

Plasmids are extrachromosomal genetic elements in prokaryotes! [37] which replicate in-
dependently of the chromosome(s) [11]. The term plasmid was introduced by J. Leder-
berg in 1952 as a generic term for hereditary extra-chromosomal elements [58]. There
is great diversity among plasmids, they can vary in shape, size, copy number per cell,
and host-organism. For example, very rarely plasmids can even be found in organelles
of eukaryotes? [11] and in yeast cells [37]. Most plasmids have a circular form but
there are also linear plasmids [98]. Their size can vary from about 1 kb, i.e., 1,000 base
pairs, up to several hundred kbs [37]. The steady-state number of plasmids in a host
bacterium is called the copy number of plasmids and may vary from 1 or 2 copies to
several hundred [21]. Depending on their copy number plasmids are often referred to
as single-copy, low-copy, medium-copy, or high-copy plasmids. We will use the terms
low-copy for plasmids with only few copies per cell and high-copy for plasmids with
up to several hundreds of copies per cell. Another way to distinguish plasmids is by
whether or not plasmid reproduction is coupled with chromosome reproduction. The
plasmid is accordingly classified as having either stringent or relazed plasmid reproduc-
tion control [80,95]. Typically, high-copy plasmids have relaxed plasmid reproduction
control and low-copy plasmids have stringent plasmid reproduction control [95]. When
we use the term high-copy plasmid we mean a plasmid with high copy number and
relaxed plasmid reproduction but for simplicity just call it high-copy plasmid.

Often bacteria have a selective advantage through plasmids [11]. However, plasmids
usually do not contain genes necessary for survival [37] and the advantage for the host is
limited to specific and often atypical environments [98]. Some of the various properties
plasmids can bestow on their host are:

« Resistance properties: e.g., antibiotic resistance, heavy metal resistance, resis-
tance to toxic anions [98]. Such plasmids are often referred to as resistance or R
plasmids [49].

« Metabolic properties: e.g., bacteriocin/colicin production, metabolism of simple
carbohydrates or proteins, pigmentation [98].

« Toxin production, virulence (many human- and animal-pathogenic bacteria pro-
duce plasmid-coded toxins [37]), capsule production, sensitivity to bacteriocins,
chemotaxis [98], and tumor induction in plants [37].

!Single-celled organisms without membrane-bound nucleus or organelle like bacteria [37].
2Eukaryotic cells have membrane-bound nucleus and organelles, e.g., plant and animal cells [37].
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If these properties are advantageous for the host, then plasmids can increase the fitness
of their host bacterium. Otherwise, they can also decrease their host’s fitness due to the
metabolic burden associated with the harboring of plasmids [13,98]. This additional
metabolic burden can have a detrimental effect on the growth rate of the host. However,
plasmids can ensure or at least increase the probability of their persistence, even if they
have a negative effect on the fitness of the host, using, e.g., an active partitioning system
or toxin-antitoxin-systems [98].

Plasmids are also used in biotechnology as so-called vectors [11]. When removed
from their host cell the plasmid genome can be changed by adding, changing, or re-
moving genes [22]. These artificial plasmids are called recombinant plasmids. They
can be inserted into host organisms like bacteria or eukaryotic cells that express the
recombinant plasmid genes [22]. This method can be used for gene cloning [11] and
for production of recombinant proteins [22]. For example, insulin and blood clotting
factors for medical usage are produced in this way [22].

For their biotechnological usage, it is important to control the copy number of plas-
mids. If the recombinant plasmid is lost then the recombinant genes are not expressed
and there is no protein production. In order to avoid this problem, one can include
antibiotic resistance genes into the recombinant plasmid genome and add antibiotics
to the growth medium of bacteria such that only bacteria containing the recombinant
plasmid can survive [22]. However, not only the loss of plasmids but also the accumu-
lation of plasmids in cells, i.e., a very high copy number of plasmids, is detrimental.
With increasing copy number the metabolic burden increases, it can even increase to
a level that renders bacteria unproductive [13].

2.1.2 Vertical gene transfer of plasmids

Genes are passed on from one generation to the next. At cell division every daughter
cell may inherit genes from the mother cell. This gene transfer by inheritance is referred
to as Vertical Gene Transfer (VGT) [21].

Low-copy plasmids have an active partitioning system to ensure that at cell division
each daughter cell receives a copy of the plasmid [21,37]. Additionally, some low-
copy plasmids secure their remaining in the population by toxin-antitoxin-systems,
i.e., the bacteria carrying such a plasmid produce a toxin that kills all bacteria in the
population except those who also have the plasmid and therefore also produce the
antitoxin [21,37,46].

High-copy plasmids lack genes for active partitioning systems [71]. Therefore, it is
usually assumed that there is no partitioning system for high-copy plasmids and they
are distributed randomly between the daughter cells at cell division [98]. However,
there is also evidence that high-copy plasmids are not distributed randomly [71,84].
It was proposed that a partitioning system exists which moves high-copy plasmids to
the cell poles® at cell division [71]. Furthermore, it appears that high-copy plasmids
are clustered and do not diffuse freely in the cell [77,84,88]. This clustering may also
affect segregation of high-copy plasmids to the daughter cells.

3The cell poles are the respective ends of rod-shaped cells. One can distinguish the poles, e.g., by
their age or by the ability of the bacteria to grow from one pole (“growth pole”) but not from the
other [1].
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If a plasmid is distributed in such a way that at cell division each daughter cell
receives at least one copy of this plasmid then it is said to be segregationally stable.
Otherwise, i.e., if plasmid-free bacteria arise after cell division, the plasmid is called
segregationally unstable [98]. Segregational instability and the loss of plasmids depends
amongst others on the plasmid copy number, variance in the copy number, the host,
and plasmid design [85,98].

2.1.3 Horizontal gene transfer of plasmids

Horizontal Gene Transfer (HGT) is the exchange of genes between two organisms where
one organism is not the offspring of one other [11,37]. These organisms need not be
related, they can even belong to different species [11]|. For example, there can be HGT
between prokaryotes and eukaryotes [37].

HGT is important for the dynamics of bacterial genes and the adaptation of bacteria
to different environments [37,79]. However, it appears that exchange of genes via HGT
only occurs rarely in nature [11], e.g., in the gut it is barely detectable [36].

The major mechanisms of HGT of plasmids in bacteria are conjugation, transduction,
and transformation [11,98]. They are described in more detail below.

Conjugation

Conjugation is the transfer of genes from the donor to the recipient via a cell-to-cell
connection [11,101]. Tt is probably the most important mechanism of HGT of plasmids
between bacteria [11,93,101]. Conjugation occurs in the soil, in animal intestines,
on leaves, and in water [11]. By conjugation, genes can even be transferred across
biological domains, e.g., from bacteria into yeast or plant cells [11,37].

A plasmid that contains all genes necessary for its transfer via conjugation is called
a conjugative or self-transmissible plasmid [101]. There is more than one mechanism
for conjugation [37]. Gram-negative? bacteria with a conjugative plasmid (the donors)
build a protein structure called pilus in order to establish a cell-to-cell connection with
a bacterium that does not contain a conjugative plasmid (the recipient) [11,37]. After
the connection between donor and recipient is established a copy of the conjugative
plasmid is transferred from donor to recipient. The donor does not lose the conjugative
plasmid in the process. A scheme of conjugation in Gram-negative bacteria is displayed
in Figure 2.1.

In general, conjugation in Gram-positive bacteria is not yet as well understood as
in Gram-negative bacteria [37,101]. Pheromone-induced plasmid transfer in Gram-
positive bacteria, however, is well-studied [101]. Plasmid-free cells of some species
secret pheromones or clumping-inducing agents which stimulate cell clumping [37,98].
The clumping of donors and recipients fosters the creation of cell-to-cell connections
and thereby increases the rate of conjugation [37].

A plasmid that can be transferred to another host organism by conjugation but
does not have all genes necessary for conjugation is called mobilizable. Therefore, a
mobilizable plasmid can only be transmitted if the donor also contains a conjugative

1Bacteria are often classified as either Gram-positive or Gram-negative depending on how they can
be stained with cell-wall specific stains [101].
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Figure 2.1: Scheme of HGT by conjugation in Gram-negative bacteria.

plasmid [39]. This conjugative plasmid is then called a mobilizer [11]. In general,
conjugative plasmids are low-copy plasmids and mobilizable plasmids are high-copy
plasmids [39]. A transconjugant is a recipient cell that has incorporated DNA from a
donor cell via conjugation [91].

There are mechanisms to ensure conjugation takes place only between a donor with a
conjugative plasmid and a recipient that does not yet carry a conjugative plasmid, i.e.,
there is no conjugation between two bacteria that both carry a conjugative plasmid [37].

Transduction

Viruses that infect bacteria, so-called phages, can also transfer cellular DNA from
one cell to another [11,37]. If a phage integrates its genome into the host bacterium’s
genome, e.g., by forming a plasmid or by inserting the phage DNA into the chromosome,
it is called lysogenic or temperate [37]. The transfer of cellular DNA from one cell to
another by lysogenic phages is called transduction [11].

The DNA of lysogenic phages can remain in bacteria for many generations [11].
After a trigger, e.g., a stress signal like hunger, the phages become [lytic. This means
that the phage DNA is excised from the host’s chromosome and replicated while the
host bacterium’s DNA is destroyed. The host cell then produces virus shells and packs
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phage DNA into the heads of the virus shells and thereby produces phages. These
phages are released from the host bacterium [11,37,98]. In some cases the phages
are released from the host bacterium by lysis, i.e., the cell wall dissolves and the host
dies [37]. During the packing of the virus shells, host DNA can be packed into the
empty virus heads either instead of or together with phage DNA [11,98]. Thereby, a
plasmid can be transferred within a phage to another bacterium. See Figure 2.2 for a
scheme of plasmid gene transfer via transduction.

@&ﬁ%@& )

Figure 2.2: Scheme of HGT of a plasmid (green) via transduction. The phage with
the plasmid DNA can infect a bacterium and thereby transfer the plasmid from one
bacterium to another.

The size of the virus head limits the length of DNA packaged into a virus shell, the
DNA may neither be too short nor too long, i.e., plasmids that are similar in DNA
length to the length of the phage DNA are more efficiently transferred by transduc-
tion [98].

Phages usually have restricted host range [11,98]. Therefore, transduction between
unrelated species is in general unlikely to occur. On the other hand, packaged DNA
is protected from degradation and diffuses faster than free DNA [11]. As a cell-to-cell
connection is not necessary for transduction, genes can be transported over considerable
distances by transduction [11]. Transduction has been observed to occur in marine
water, soil, and on the surface of leaves [11,98].

Transformation

Some bacteria can directly take up free extracellular DNA and include it into their
genome by recombination [11]. This process is called transformation. The DNA se-
quence that is taken up in this way usually replaces another partly similar sequence [11].

A cell that has incorporated extracellular DNA via transformation is called trans-
formed and cells that are capable of transformation are called competent [98]. In order
to be capable of transformation, cells have to be in a physiological state called com-
petence [37,100]. Many different bacteria are naturally competent [11]. Competence
can also be induced, for example, by a limited amount of nutrients [37]. In this case
between 10% and up to almost 100% of bacteria can become competent [37]. Other
factors that can induce competence are the accumulation of proteins called competence
factors in the local environment, a change of growth rate, nutrient access, and cell den-
sity [98,100]. Competence induced in this manner is usually time-limited [100]. The
exact mechanisms and inducing factors of competence vary between bacterial species
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and strains [100]. It is estimated that approximately 1% of bacteria are naturally com-
petent [100]. However, the prevalence of natural transformation might be underesti-
mated as special conditions for the induction of competence could just be a laboratory
artifact [98]. For example, soil bacteria are capable of natural transformation when
grown under soil conditions [101].

& ) o

Competent bacterium Free plasmid

B> o)

Transformed bacterium

Figure 2.3: A scheme of transformation of bacteria, i.e., uptake of a free plasmid by
a competent bacterium.

Transformation is only possible if there is free extracellular DNA present. This is
the case in soil and marine water amongst others [11]. Free DNA fragments originate
from the decomposition of dead organisms, from viruses, or from active excretion from
living cells [11,100]. They are usually small and short-lived but can survive for months
if they are absorbed, e.g., by soil particles [11]. Some bacteria prefer to take up DNA
fragments from closely related species, while other bacteria seem to make no difference
between DNA from related species or other species [98].

For transformation, cell-to-cell contact is not required, therefore it can occur over
substantial distances [11]. Transformation is also one mechanism by which antibiotic
resistance genes can spread [11]. Interestingly, out of the three main mechanisms
of VGT, viz. conjugation, transformation, and transduction, transformation is the
only one that is controlled by the bacterium rather than a conjugative plasmid or a
phage [45].

2.2 Mathematical Background

In this chapter, we state the definitions, lemmas, and theorems that we use later. The
purpose of this section is to clarify the terms and notations used in this thesis and to
collect important results that are already known. Therefore, proofs are omitted (in
most cases, they can be found in the given reference).

Let X denote a Banach space with norm ||-|| and I the identity operator on X.

2.2.1 General

Definition 2.1. A closed set K C X is called a cone if 0 € K, u, v € K implies that
au+ fv € K for all a, 8 >0, and v € K and —v € K implies that v = 0 [26, p. 188].

10



2.2 Mathematical Background

If the cone K satisfies X = K — K, then it is called a reproducing cone [26, p. 188].

Definition 2.2. The real Banach space (X, ||-]|y) is called a Banach lattice if X is a
Riesz space, i.e., if there is a partial order “<” on X with

(i) f < g implies that f+ h < g+ h for every h € X,
(ii) f > 0 implies aof > 0 for every a € R>o,

(iii) fVg:=sup{f,g} and f Ag:=inf{f g} exist forall f, g€ X, and fV g€ X,
fAhgeX,

and if | f| < |g| implies that || f|| < ||g||y, where |f]| := fV (=f) [105, p. 85].

Ezample 2.3. Consider the Banach space LP((a,b)), i.e., the space of functions such
that the p-th power of the function is Lebesgue integrable, with a < b, 1 < p < o0,

b 1
and the norm || f|| (o5 = (f |f(x)? d:c)” and let f < g if and only if f(z) < g(x)
for almost every (a.e.) x € (a,b). Then, (Lp((a, b)), ||-||Lp((a7b))> is a Banach lattice.

Definition 2.4. A function is said to have the Luzin N-property if it maps every set
of measure zero to a set of measure zero [15, Definition 3.6.8].

Example 2.5. Every absolutely continuous function and therefore in particular every
continuously differentiable function has the Luzin N-property [47, p. 53].

Definition 2.6. Let f and g be continuous functions and a be in the domain of both
f and g. We say that f behaves like g at a and write f ~ g at a if

lim@ =C € (0,00).

T—a g(x)

Lemma 2.7. Gronwall-Bellman inequality
Let y(t) be a positive and monotonously increasing function and x(t) > 0, z(t) > 0,
then

x(t) <y(t) + /35(8) z(s)ds implies that x(t) < y(t) ef: z(s) ds

a

[12, p. 266].
Lemma 2.7 is also know as Gronwall’s inequality or Gronwall’s lemma.
Definition 2.8. (a) We call an operator A positive, if it leaves the cone K invariant,

ie., if A(K) C K [26, p. 188].

11



2 Background

(b) Let the cone K have non-empty interior, i.e., K° # (). A positive operator A is
called strictly positive, if A(x) € K° for all z € K \ {0} [26, p. 188].

Definition 2.9. Let A be a bounded linear operator that maps the real Banach space
X into itself, K C X a cone, and K* C X* a cone in the dual space X* of X. The
operator A is called semi-non-supporting in X w.r.t. K if A is positive and for all
z € K\ {0} and all f € K*\ {0} there exist a number n = n(x, f) € N such that
f(A™z]) > 0 [90, Definition 1].

Note that we use the term “semi-non-supporting” (which seems to be more commonly
used [48,66]) rather than the term “semi-non-support” as Sawashima [90]. The property
semi-non-supporting is connected to irreducibility of the operator A.

Definition 2.10. A bounded linear operator T': X — Y, where X and Y are Banach
spaces, is called compact if T By (X)] with B1(X) :={f € X : ||f||x < 1} has compact
closure in Y (in the strong topology) [17, p. 157].

It is often very useful to have compactness results for the operators under consider-
ation. There are two well-known and commonly used theorems to show compactness
of operators of continuous and LP-functions, respectively.

Theorem 2.11. Theorem of Arzela-Ascoli
Let K be a compact metric space with metric d and H a bounded subset of C°(K). If
‘H is uniformly equicontinuous, i.e., for all € > 0 there exists a 6 > 0 such that

d(z1, ) < & implies that |f(z1) — f(xe)| <e forall f € H,
then the closure of H in C°(K) is compact [17, Theorem 4.25].

Theorem 2.12. Kolmogorov-Riesz-Fréchet Theorem
Let n € N, F a bounded set in LP(R™) where 1 < p < 0o, and denote with 1, the shift
operator, i.e., (1, f)(x) = f(x + h) for all f € LP(R™) and z, h € R". If

lim |7, f — f||Lp(Rn) =0 wuniformly in f € F,
|h|—0

then the closure of F| in LP(Y) is compact for every measurable set Q C R™ with
finite measure [17, Theorem 4.26].

2.2.2 The Laplace transform
Definition 2.13. The Laplace transform of a function f : R — R is given by

[e.o]

fls) = L{f}s) = [ e f0) .

0

for s € C, provided that the integral exists [40, p. 1].
The inverse Laplace transform maps f to f and is denoted by £7{-}

12



2.2 Mathematical Background

Definition 2.14. A function f is said to be of bounded exponential growth if there are
constants ¢ € R, a > 0, and M > 0 such that

[f()] < Me?
for all t > a 40, p. 3].

If f is a Lebesgue-measurable function of bounded exponential growth with exponent
c e R and

/|f(t)| dt exists and is finite,
0

then f(s) exists for s € C with R(s) > ¢, where R(s) denotes the real part of s € C
(and we denote by (s) the imaginary part of s € C).

Lemma 2.15. Let f : R — R be some function and f its Laplace transform.

(a) If the Laplace transform of f', the derivative of f, exists, then
L{f}(s) = sf(s) = lim_f(x).
(b) For every a € C it holds that
c{ef(t)}(s) = f(s —a).
(¢) If f is of bounded exponential growth, then
Hs) = LU0 1)
exists for all n € N and therefore f € C*((c,0)).
(d) If L{f}= [ and L{g}= § exist, then
L{f % g}(s) = f(s) - d(s),
where f * g denotes the convolution of f and g.
(See, e.g., [40].)

In particular property (d) is very useful. It can, for example, be used to solve
equations containing convolutions by applying the Laplace transform, solving the
convolution-free equation, and applying the inverse Laplace transform to the solution.

Theorem 2.16. If lilgl+ f(t) exists and f has a half-plane of convergence, i.e., the
t—
Laplace transform f of f exists for all s € C with R(s) > C' for some C € R, then

lim f(¢) = lim s f(s)

t—0+ §—00

[28, Theorem 33.5].

13



2 Background

Theorem 2.17. Let f = L{f}. If there are s € Rug and z € C such that f(z) exists
and

A

f(z+ns)=0 forallneN,

i.e., the Laplace transform of f vanishes on an infinite sequence of equidistant points on
a line parallel to the real axis, then f =0 almost everywhere (a.e.) [28, Theorem 5.3].

Theorem 2.18. If the Laplace transforms f and § of two functions f and g are equal
on an infinite sequence of equidistant points on a line parallel to the real axis, then

f =g ae. [28 Theorem 5.4).

Lemma 2.19. If the function f satisfies

lim f(s) =0 and Sli_glosf(s) < 00,

S§—00

then the inverse Laplace transform off exists [34, p. 135].

2.2.3 Spectral theory

We consider a bounded linear operator A : X — X and first recall the basic definitions
in spectral theory.

Definition 2.20. The resolvent set p(A) of A is defined by
p(A) :={A e C: (A — A) is bijective from X onto X}.

For A € p(A), the resolvent of A is the operator R(\, A) := (A — A)~", R(\, A) maps
X to X.

We call the complement of the resolvent set the spectrum of A and denote it by
o(A) == C\ p(A). The point spectrum op(A) is the set of A € C for which there is a
x € X \ {0} such that A[z] = Az. The elements of op(A) are called eigenvalues and
z € X \ {0} with A[z] = Az is called the corresponding eigenvector or eigenfunction.
If A € op(A), then the dimension of the null space of A\I — A, dim(N (A — A)), is called
the (geometric) multiplicity of A. An eigenvalue with multiplicity one is called a simple

eigenvalue.
The spectral radius r(A) of A is defined by

r(A) == sup |A|.
A€o (A)

An eigenvalue \; of A is called dominant if R(A) < R(\g) for all A € o(A)\ {A\a}. (See,
e.g., [17,32,33,102].)

If the operator A is compact, then we know more about what its spectrum o(A)
looks like.

14
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Theorem 2.21. If A is a compact operator, then o(A) is a countable set with no
accumulation point other than zero. Each A € o(A) \ {0} is an eigenvalue of A with
finite multiplicity [51, Theorem III-6.26].

Theorem 2.22. Every eigenvalue A € 0,(A) of a compact operator A is also a pole of
the resolvent of A [23, Corollary VIL.7.8].

The following theorem is very useful to show existence of an eigenvalue with a cor-
responding positive eigenfunction.

Theorem 2.23. Krein-Rutman Theorem (strong form)

Let K be a reproducing cone with non-empty interior, i.e., K° # 0, and let A be a
strictly positive compact operator on K. Then r(A) is a simple eigenvalue of A and
there is a unique corresponding eigenvector in K° with norm = 1 [26, Theorem VIII-1].

There are cases where the positive cone does not have non-empty interior like
LY (Rsp). In these cases the following form of the Krein-Rutman Theorem that is
sometimes called “weak form” can be used.

Theorem 2.24. Krein-Rutman Theorem (weak form)

Let A be a linear, positive, and compact operator on a reproducing cone K in the
Banach space X. If r(A) # 0, then there is a x € K \ {0} with Alz] = r(A)z [26,
Theorem VIII-2J.

Alternatively, also the following result by Sawashima [90] is useful in the case that
the cone under consideration does not have non-empty interior.

Theorem 2.25. If the operator A is semi-non-supporting and the resolvent R(\, A)
has a pole at A = r(A), then the eigenspace corresponding to the eigenvalue r(A) has
dimension one [90, Theorem 2.

2.2.4 Theory of semigroups of operators
For results about theory of semigroups see, e.g., [78,82] and for a semigroup approach

to population equations see, e.g., [68,102,103].

Definition 2.26. (a) We call a one parameter family 7'(¢), t > 0, of bounded linear
operators from X to X a semigroup of bounded linear operators on X if it satisfies

(i) T(0) = I and
(ii) the semigroup property: T'(t + s) = T'(t) T'(s) for every t, s > 0.

(b) A semigroup of bounded linear operators T'(t), t > 0, is uniformly continuous if

lim HT<t) - [Hop = 0’

t—0t

where |||, denotes the operator norm.
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(¢) A semigroup T'(t), t > 0, of bounded linear operators on X is a strongly contin-
uous semigroup of bounded linear operators or short a C°-semigroup if

lim T'(t)x =« for every x € X.
t—0+

(d) The infinitesimal generator of the semigroup 7'(t) or shorter just generator of
T'(t) is the linear operator A defined by

_ +
Alz] = lim T(t)x —x _ drT(t)z
t—0+ t dt

for z € D(A),

t=0

where

t—0t

D(A) := {x € X: lim T(t):;"—x exists}

is the domain of A.
[82, Definitions 1.1.1 and 1.2.1]

The following theorem gives sufficient and necessary conditions for an operator A to
be the infinitesimal generator of a uniformly continuous semigroup or a C°-semigroup.

Theorem 2.27. (a) The operator A is the inifinitesimal generator of a uniformly
continuous semigroup if and only if A is a bounded linear operator [82, Theo-
rem 1.1.2].

(b) The linear operator A is the infinitesimal generator of a C°-semigroup that sat-

isfies || T(t)||,, < €' if and only if A is closed, D(A) = X, and the resolvent set
p(A) of A contains the ray {A € C: F(N\) =0, A\ >w} and for all X on this ray
it holds that ||[R(\, A)|l,, < 25 [82, Corollary 1.5.8].

(c) If A is the infinitesimal generator of a C°-semigroup, then D(A) is dense in X
and A is a closed linear operator [82, Corollary 1.2.5].

Definition 2.28. (a) The growth bound of the linear semigroup 7'(t), t > 0, is the
real number given by

w:=inf {w € R: IM € Rog such that | T(t)||,, < Me"" for all £ > 0}

op
(65, p. 228].

(b) A CYsemigroup T'(t), t > 0, on a Banach lattice X is called positive if T'(t) is a
positive operator for each t > 0, i.e., for all t > 0

f € X with f >0 implies that T(t)f >0

(32, Definition IV.1.7].
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Theorem 2.29. For every C°-semigroup T(t), t > 0, there exist constants M > 1 and
w > 0 such that [|T(t)|,, < Me™ fort € [0,00) [82, Theorem 1.2.2].

Consider a semigroup 7'(¢) with infinitesimal generator A. Then, for x € D(A),
T'(t)x is the solution of the initial value problem

d
diz = Alu], u(0) =z (2.1)
(see, e.g., [82]). For this reason, the theory of semigroups can be useful to study
solutions to differential equations.

Theorem 2.30. Let A be a densely defined linear operator with p(A) # (). The initial
value problem (2.1) has a unique continuously differentiable solution u(t) for every
initial value © € D(A) if and only if A is the infinitesimal generator of a C°-semigroup
T(t). Furthermore, the unique solution is given by T (t)x [82, Theorem 4.1.3].

If 2 € X\ D(A), then T'(t)x is not necessarily continuously differentiable and there-
fore it need not be a solution to (2.1) in the classical sense. However, we can still
consider it to be a generalized solution. We call a solution of this type a mild solution.

Definition 2.31. Let A be the infinitesimal generator of the semigroup T'(t), t > 0,
on X. For every x € X, even x € X \ D(A), we call T'(t)x a mild solution to the initial
value problem (2.1) [82, p. 105].

Theorem 2.32. Let A be the infinitesimal generator of a C-semigroup T(t) on X with
T, < Me“'. If B is a bounded linear operator on X, then A+B is the infinitesimal

lop <
generator of a C°-semigroup S(t) on X with ||S(t)|| < Me“TMIBDL - Fyrthermore, S(t),
t >0, is the unique solution to the following variation of constants equation:

St)r =T(t)x + /T(t —$)B[S(s)x] ds  for x € D(A)

[82, Theorem 3.1.1, Proposition 3.1.2].
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3 Vertical gene transfer of plasmids

3.1 Derivation of the models

This section is based on [74,96].

We want to derive a model for vertical gene transfer (VGT) of plasmids in a bacterial
population. To be more exact, we aim at a model for bacteria structured by the number
of plasmids as we are in particular interested in describing and understanding the loss
and accumulation of high-copy plasmids in bacteria.

We consider two VGT models of plasmids that contain different assumptions on
how plasmids at distributed to the daughter cells at cell division if the mother cell
carries only few plasmids. In the first model, we make no specific assumption on the
segregation of plasmids. In the second model, we assume that one daughter receives
all of the mother’s plasmids. This assumption makes the model more realistic as a
mother cell with only one plasmid can only give all its plasmids to one daughter cell.
Moreover, it simplifies the analysis of the model.

Following [74,96], we start with developing models for bacteria structured by the
discrete number of plasmids. These models incorporate cell death and division, plasmid
reproduction, and the distribution of plasmids to the daughter cells at cell division.
As we want to consider high-copy plasmids that can have up to several hundred copies
per cell we proceed to the continuum limit. In this way, we derive from the discrete
models the continuous models.

3.1.1 Discrete models
First model

We consider a bacterial population structured by the number plasmids. A scheme of
the discrete model with plasmid reproduction, cell division, and plasmid segregation is
shown in Figure 3.1.

Let u;(t) denote the density of bacteria carrying ¢ € Ny plasmids at time ¢ > 0. Plas-
mids reproduce, i.e., bacteria “move” from lower to higher plasmid numbers, according
to the plasmid reproduction rate l;(z) Since plasmids cannot reproduce if there is no
plasmid in the cell we require the plasmid reproduction rate to satisfy 5(0) = 0 and
b(—1) = 0. Therefore,

d > o
Fui(t) = =b(i) wi(t) + b(i — 1) i (1).

Bacteria die at rate fi(z) depending on the number of plasmids i in the cell,
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Figure 3.1: Scheme of the first discrete model for VGT: plasmids reproduce, cells
divide, and plasmids are distributed to the daughter cells at cell division. The segre-

gation kernel models how the plasmids are distributed to the daughter cells. (Picture
from [76].)

Cell division of bacteria occurs at rate §(i). When a bacterium divides into two cells
the plasmids are divided amongst the two daughter cells. First, we add only the cell
division to the model:

Cclituz-(t) = —b(i) wi(t) + b(i — 1) i (1) — i) wilt) — B(0) wi(t).

Now, we also add the segregation of plasmids to the model. The two daughter cells can
be distinguished from each other as only one can inherit the mother’s older cell pole
(we distinguish the cell poles by their age). We call the daughter cell inheriting the
mother’s older pole the first daughter and the other one the second daughter. If the
bacteria under consideration are not rod-shaped and the two daughter cells cannot be
distinguished from one another by their cell poles or otherwise, then one can randomly
choose a daughter cell and call it the first daughter and the other the second daughter.
Segregation of plasmids is modeled by the probability p(i,j) that the first daughter
receives ¢ plasmids from a mother with j plasmids. The second daughter receives the
remaining j—i plasmids. Therefore, for a mother with j plasmids the average number of
daughters with ¢ plasmids is given by p(i, j) +p(j — 4, j). Including plasmid segregation
into the model, we obtain the following discrete model for VGT of plasmids:

d .
Slt) = =) ui(t)

= —b(@) w(t) + (i — V) w1 (t) — (i) us(t) — B(i) us(t)
. (3.1)
+ Z_:ﬂ(j)

_|_
[p(i,7) +p(j — i, )] ui(t).

For consistency, we require that p(i,j) = 0 if i < 0, j < 0, or ¢ > j as a daughter
cannot have more plasmids than the mother. By definition of p(i,j) it holds that

J
> p(i,j) = 1. We have two more consistency conditions on p. Firstly, for every j > 0

=0
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it holds that
J
> opli,g) +pi —i,4) =2
i=0

This condition models that bacteria always divide into two daughter cells. Secondly, as
we have mass conservation of plasmids at cell division, the two daughter cells contain
as many plasmids as the mother cell, meaning for every j > 0 it holds that

J
> ilp(i, ) +p(G —i,5)] = J.
=0

As we will see later in the continuous models, plasmid segregation at low plasmid
numbers is central for the properties of the model equation and also for the analysis of
the model. For this reason, we will also consider a second slightly altered model.

The first discrete model was numerically simulated using a forward Euler scheme
and the software MATLAB [67]. The numerical solution was normalized, i.e.,

in order to visualize the development of the distribution of plasmids rather than the
growth of bacteria. We denote by N the maximal number of plasmids in a bacterium.

For constant cell division and death rate 3 and i1, the plasmid-free bacteria outgrow
the plasmid-bearing bacteria and the plasmid is lost in the long run (see Figure 3.2).
If the cell death rate of plasmid-free bacteria is increased, e.g., by adding antibiotics to
the growth medium such that bacteria without the plasmid die, then the plasmid-free
bacteria cannot outgrow the plasmid-bearing bacteria (see Figure 3.3b). Besides the
different number of plasmid-free bacteria and the different growth rate of the bacteria,
the distribution of plasmids in the case of constant cell death rate and increased cell
death rate for plasmid-free bacteria agree well (see Figure 3.4).

The bacterial population grows exponentially (see Figure 3.2¢). For constant cell
death and division the numerical estimate for the growth rate is 0.299/h. If the cell
division and death rate are constant, then the exact growth rate of the bacterial popu-
lation is given by 3 — ji = 0.3/h (the growth rate of the total bacterial population can
be computed by summing (3.1) for all ¢ > 0, interchanging the order of summation in
the last term, and using the above consistency condition on p). In the case of increased
cell death rate for plasmid-free bacteria, the numerical estimate for the growth rate is
0.241/h. As expected, the bacterial population grows slower in this case.

Next, we include a metabolic burden for plasmid-bearing bacteria in form of a linearly
decreasing cell division (i) = 0.4 (1 — —) /h. In this case, there are more bacteria with
a high number of plasmids (see Figure 3.3c and Figure 3.4). The bacterial population
grows similarly to before, the numerical estimate for the growth rate is 0.248/h.

For different initial conditions the same distribution of plasmids was obtained. Thus,
the numerical simulations indicate that the initial distribution does not influence the
distribution of plasmids in the long run.
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Figure 3.2: Numerical simulation of the normalized solution to the first discrete VGT
model (3.1). The parameter values used for the numerical simulations were 5 = 0.4/h,
fi=0.1/h, N =100, b() = +(N —i)/h, and uniform plasmid segregation, i.e., p(i, j) =
jﬁ for all 0 <7 < jand 0 < j < N. The initial condition was u;(0) = % (N —14)%. We
used a forward Euler scheme with At = 0.01. (a) Numerical simulation of ,(t) for
t €10,100] and ¢ € {0,1,..., N}. (b) Numerical simulation of @;(100). (c) Growth of
the bacterial population against time. (d) Average plasmid content of bacteria against

time.
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Figure 3.3: Numerical simulation of the normalized solution to the first discrete VGT
model (3.1) for different cell division and death rate. The parameter values used for
the numerical simulations were N = 100, b(i) = +(N —)/h, and uniform plasmid
segregation, i.e., p(i,7) = jﬁ forall 0 <i < jand 0 < j < N. The initial condition
was u;(0) = i? (N —i)?. We used a forward Euler scheme with A¢ = 0.01. (a) Constant
cell division and death rate 3 = 0.4/h, ji = 0.1/h. (b) Constant cell division rate
B = 0.4/h and cell death rate ji(i) = 0.1/h for all i > 0, i(0) = 10/h. (c) Linearly
decreasing cell division rate (i) = 0.4 (1 — ﬁ)/h and cell death rate fi(i) = 0.1/h for

all i > 0, ji(0) = 10/h.

—03=04/h, i=0.1/h
61 - -3 = 0.4/h, i(0) = 10/h, fi(i) = 0.1/h
B(i) = 04 (1 - %)/h, @(0) = 10/h, (i) = 0.1/h
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,
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Figure 3.4: Comparison of the numerical solutions for different cell division and death
rate. The solutions are compared for constant cell division and death rate (blue solid
line), for constant cell division rate and increased cell death rate for plasmid-free bac-
teria (red dashed line), and for decreasing cell division rate and increased cell death
rate for plasmid-free bacteria (green dotted line). In order to be able to better compare
the distribution of plasmids for these three cases, the solutions were scaled such that
Ti50(100) = 1.
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Second model

If a bacterium has only one plasmid, then it can give this plasmid only to one daughter
at cell division and the other daughter does not receive a plasmid. This observation is
generalized in the following hypothesis for the second model:

There is a number n € N of plasmids such that bacteria with fewer than n
plasmids give all plasmids to one daughter at cell division.

In order to incorporate this hypothesis into the discrete model, we distinguish between
bacteria with fewer than n plasmids, denoted by v;(t) for i € Ny with i < n, and bacteria
with at least n plasmids, denoted by w;(t) for ¢ € N with ¢ > n. The notation and
requirements for plasmid reproduction rate, cell death and division rate, and plasmid
segregation probability are the same as in the previous model.

In the subpopulation with few plasmids, v;, one daughter always receives all plasmids
and the other daughter receives none, i.e., p(0,5) + p(j,7) = 1 for 0 < j < n. Fur-
thermore, p(0,0) = 1 as plasmid-free bacteria can only have plasmid-free daughters.
Plasmid reproduction and cell division and death are exactly as in the first model.
Therefore, we obtain the following model equations for plasmid-free bacteria, vy, and
bacteria with fewer than n plasmids, v; with ¢ € N and i < n:

jtvom = (B(0) — 1(0)) vo<t>+f:16<j>v]<> i_o:m )P0, 3) + p(, )] wi(t), (3.2)
(1) = =B vlt) + Bli — 1) via(t) — (0 i)
- (3.3)
- Z B(7) [p(i,7) +p(j — 1, 5)] w;(t).

In the equation for v;, there is no term for cell division of bacteria with fewer than
n plasmids. This is due to the assumption that at cell division one daughter cell
receives all plasmids and the other none. We distinguish bacteria only by the number of
plasmids they carry, meaning if a bacterium with i, where 0 < i < n, plasmids divides,
then it produces a plasmid-free daughter cell and another daughter cell carrying ¢
plasmids. This daughter cell then replaces the mother cell and the number of bacteria
with ¢ plasmids does not change due to cell division.

The bacteria with at least n plasmids behave as the bacteria in the previous model,
ie.,

jtwm = = (i) wi() + b0 — 1) w1 (8) = (B(0) + D)) wi(t)

o0 (3.4)
Z p(i,3) +p(j —i,7)]w;(t),

where w,_1 := v,—1. The second discrete model consists of equations (3.2), (3.3), and
(3.4).

The second discrete model was also numerically simulated with different thresholds
n. For n = 2, the first and the second discrete VGT model agree. If the plasmid-free
bacteria outgrow the plasmid-bearing bacteria, then a threshold n > 2 has only very
little effect on the distribution on plasmids (see Figure 3.5a and note the scale). If
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plasmid-free bacteria do not outgrow the plasmid-bearing bacteria, then the threshold
n > 2 decreases the number of bacteria with fewer than n plasmids (see Figure 3.5b
and Figure 3.5¢).
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Figure 3.5: Comparison of the numerical solution to the second discrete VGT model
(3.2) to (3.4) at time ¢t = 100Ah for the thresholds n = 2 (blue solid line), n = 3 (red
dashed line), n = 5 (green dotdashed line), and n = 10 (magenta dotted line), and
for different cell division and death rate. (a) Constant cell division and death rate

= 0.4/h, ji = 0.1/h. (b) Constant cell division rate 5 = 0.4/h and cell death rate
,u(z) = O 1/h for all ¢ > 0, 1(0) = 10/h. (c) Linearly decreasing cell division rate
B(i) = 04 (1= 4)/h and cell death rate ji(i) = 0.1/h for all i > 0, i(0) = 10/h.

3.1.2 Continuous models

As we consider high-copy plasmids which can have several hundred copies per bac-
terium, we proceed to the continuum limit to obtain models for the plasmid load which
is modeled by a continuous variable. This continuous variable can be interpreted, e.g.,
as the relative plasmid number i/N, where N is the maximal plasmid copy number in
a single cell [38]. Another interpretation is that the continuous plasmid load measures
a plasmid-induced property of the bacterium like the fluorescence level (the plasmid
copy number can be estimated by using a fluorescent protein as a plasmid marker and
measuring the level of fluorescence [77]).

First model

We proceed to the continuum limit in order to obtain continuous models from the
discrete models (see, e.g., [24,74]). To this end, we approximate u;(t) by a smooth
function u(z,t) where now z € R>y models the plasmid content of a cell, i.e., for some
h > 0 small,

ih+2

wilt) ~ / w(z,t) dz ~ u(ih, 1) h.
ih—1

Likewise, we approximate:

« (i) ~ b(ih)1 for i € N,.
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3 Vertical gene transfer of plasmids

« B(1) = B(ih) and (i) =~ p(ih) for i € Np.
« p(i,j) +p(j —i,7) = k(ih, jh)h for i € Ny, j € N with ¢ < j.

We drop the tilde in the continuous model to distinguish between the rates in the
discrete and the continuous model. Substituting these approximations into the first
discrete model (3.1), we obtain

Opulih,t) h = —b(ih) ;L u(ih, t) h+ b(ih — h) ;Lu(ih — h,t)h — B(ih) u(ih, t) h

— p(ih) u(ih, t) h + > B(jh) k(ih, jh) hu(jh,t) h.
=i
Next, we divide by h and define jh =: 2’ and ih =: z,

b(z)u(z,t) — b(z — h)u(z — h,t)
h

+ i B(ih) k(ih, jh) hu(jh,t).

j=i

Opu(z,t) h = — — (8(2) + p(2)) u(z,1)

Finally, we take the limit h — 0 and arrive at
Oru(z,t) = =0, (b(2) u(z,t)) — (B(2) + u(2)) u(z,t) + /B(z’) k(z, 2"y u(Zt) d2'.

In this model there is no HGT and therefore no influx of bacteria at z = 0. The first
continuous VGT model is the above Partial Differential Equation (PDE) together with
a zero-flux boundary condition at z = 0 and an initial condition:

Bz, 1) + 8, (b(=) u(z, 1)) = — (B(2) + u(2)) u(z, £) + / B(Z) k(z, 2 u(2, 1) d2,

b(0)u(0,t) =0 forallt>0, wu(z,0)=¢(z) forallz>0.
(3.5)
We assume that the parameters of the model satisfy: b(0) =0, >0, >0, u >0,
k > 0. Furthermore, we require for consistency that the plasmid segregation kernel k
satisfies:

k(z,2") dz =2 for all 2/ > 0.

O%N\

e k(z,2)=0if 2> 2, 2<0,0r 2 <0.

« k(z,2)) = k(2 —2,2) for all z, 2/ > 0.

Zl

o [2k(z,2")dz =2 forall 2’ > 0.
0
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3.1 Derivation of the models

These requirements are a direct consequence of the approximation k(ih, jh) h =~ p(i, j)+
p(j —1i,7), the properties of p, and consistency conditions on p. The first requirement
models that each bacterium divides into two daughter bacteria at cell division (see,
e.g., [30,69]). The second requirement models that a daughter cannot have more
plasmids than the mother and bacteria cannot have negative plasmid content. The
third requirement models that if one daughter receives z plasmids from a mother with 2’
plasmids, then the other daughter receives the remaining 2z’ — z plasmids and therefore
there are as many bacteria receiving z plasmids as there are bacteria receiving the
remaining 2z’ — z plasmids. The last requirement on k takes into account that plasmids
are not lost during cell division meaning the daughter cells have as many plasmids as
the mother had. It is therefore a mass conservation condition (see, e.g., [83]).

Ezxample 3.1. The above conditions on the kernel k are satisfied if there is a function
® : [0,1] — Rxq such that for all 2/ >0

! 2 z !
k(z,2') = z’q)(z’) xa(z,2'),

where Q := {z, 2/ € Rs¢: 2 < 2’} and ® satisfies [ ®(&) dé = 1, ®(&) = ®(1 — &) for
all € € [0,1], and [, £ ®(€) dé = % Note that the last condition follows directly from
the first and second condition and can therefore be omitted.

A kernel of this form models that bacteria always distribute their plasmids in the
same way independent of the number of plasmids the bacterium contains at cell division.
The way the plasmids are distributed is modeled by the function ®. For example, if
is centered around 0.2 and 0.8, then bacteria give approximately 20% of the plasmids
to one daughter cell and the remaining approximately 80% to the other daughter cell
(see the plasmid segregation kernel in Figure 3.6).

Example 3.1 motivates the following definition (see [74]).

Definition 3.2. If there exists a function @ : [0, 1] — R such that for 2/ > 0

2 z
k(z,2') = 7 (I)(z’) xa(z,2'),
then we call the kernel k scalable.

A scalable kernel has the advantage that one can assume the function ® to be
bounded. In this way, it is possible to separate the plasmid segregation modeled by
® and the pole in the kernel k£ from one another and simplify computations. It is
sometimes assumed in growth-fragmentation equations that the kernel is scalable (see,
e.g., [8,19,20,74]) even though these kernels are not usually referred to as scalable.

Second model

We proceed similarly for the second discrete model by first approximating both the sub-
population with fewer than n plasmids and the subpopulation with at least n plasmids
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3 Vertical gene transfer of plasmids

20 " ,
—/ 0 2! ZO)Z

0+ >z
z 20

Figure 3.6: Example of a scalable kernel with ®(§) = 120¢ (% - 5)2 (1 —¢&) and
maximal plasmid content zy > 0.

by smooth functions:

ih+4 ih+%
v (t) = / v(z,t)dz = v(ih,t)h and w;(t) ~ / w(z,t) dz = w(ih,t) h.
ih—1 ih—1

The parameters b, B, and [i are approximated as before for the first model. How-
ever, since in the second discrete model we consider the class of plasmid-free bacteria
separately we approximate the segregation kernel differently. For A > 0 small:

« Fori e N, j e Nwithi < jand j>n: p(i,j)+p(j —i,7) = k(ih, jh) h.
« For j € N with j > n: p(0,7) + p(j,j) = ko(jh).

Substituting these approximations into the second discrete model, dividing by h, defin-
ing jh =: 2/, ith =: z, and nh =: m, and taking the limit h — 0, we obtain the equations

m

Cn(t) = (B(0) — w0 wo(t) + [ B (1) d + [ B kol wlZ, 1) a2, (36)

dt ]
for z € (0,m)

O(z,t) + 0, (b(2) v(z,t)) = —p(z) v(z,t) + /B(z’) k(z,2") w2 t) dz, (3.7)
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3.1 Derivation of the models

and for z > m

Orw(z,t) + 0, (b(z) w(z,t)) =

= —(B(z) + u(z)) w(z, 1) + 5(2) ko(2) w(z, 1) +/5(2')k(2‘, ) w(,t) d2’

= —(5(2) (1 —ko(2)) + p(z)) w(z,t) + /ﬂ(z') k(z,2")Yw(Z,t) d'. (3.8)

We assume again that b(0) =0, >0, >0, u >0, k> 0, and ky > 0. Some of the
consistency conditions on the plasmid segregation kernel are now slightly different to
before:

Z/

« 2ko(2) + [ Kk(z,2') dz =2 for all 2/ > m.
0

« ko(z) € [0,1] for all z>m and ko(z) = 0 for z € (0,m).
« k(z,2)=0if 2> 2, 2 <0, 2 <m.

« k(z,2)=k(z' —22) forall z >0, 2/ > m.

Z/

« 2 ko(2)+ [2k(z,2')dz = 2 for all 2/ > m.
0

These conditions model as in the first model that a mother always divides into two
daughters, a daughter cannot have more plasmids as its mother, there is no negative
plasmid load, if one daughter receives z plasmids from a mother with 2’ plasmids, then
the other daughter receives 2z’ — z plasmids, and we have mass conservation of plasmids
at cell division. The function kq(z) models the fraction of bacteria with z > m plasmids
that distribute their plasmids such that one daughter cell receives all plasmids and the
other none.

As in the first model, we require boundary and initial conditions. We do not have
HGT in our model therefore plasmid-free bacteria stay plasmid-free and we have again
a zero-flux boundary condition at z = 0. Furthermore, if plasmids reproduce in bacteria
with less than m plasmids there will eventually be more than m plasmids in the bacteria.
In other words, at z = m the outflow of bacteria from the class v equals the inflow into
the class w. Overall, we have the boundary conditions

lim b(z)v(z,t) =0 and lim b(z)v(z,t) = lim b(z)w(z,t) forallt>0

z—0t z—m~ z—mt

and the initial conditions

v0(0) = o, v(2,0) =pu(2), and w(z,0)=@,(2).

The second model consists of equations (3.6) to (3.8) with the above boundary and
initial conditions.

We want to simplify this model. If we have solutions for equations (3.7) and (3.8),
then we can find a solution to (3.6) by variation of parameters. For this reason we drop
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3 Vertical gene transfer of plasmids

in the following equation (3.6) and only analyze the remaining two equations. For the
renewal equation, i.e., the case that bacteria always give all plasmids to one daughter
at cell division, it is known that there is a discontinuity at z = 0 [83]. Since we assume
in the second model that bacteria give all plasmids to one daughter if they contain
fewer than m > 0 plasmids (respectively, fewer than n plasmids in the discrete model),
we do not expect to have continuity at z = 0.

Remark 3.3. We are interested in the long-term distribution of plasmids in the bacterial
population. Therefore, we need to be careful when dropping equation (3.6) since we are
then basically ignoring plasmid-free bacteria. If the plasmid-free bacteria can outgrow
the plasmid-bearing bacteria in the population, then in the long-run the plasmid will be
lost in the bacterial population. If, however, the plasmid-free bacteria grow slower than
the plasmid-bearing bacteria, then it is justified to ignore the plasmid-free bacteria as
they do not influence the long-term distribution of plasmids.

By adding antibiotics to the growth medium of bacteria, the mortality of plasmid-
free bacteria is increased compared to the mortality of plasmid-bearing bacteria. This
is typically done in biotechnology to counteract the emergence of plasmid-free bacteria
[22]. Thus, in this scenario, we expect the plasmid-free bacteria to grow slower than
plasmid-bearing bacteria due to their increased mortality. Thus, it is reasonable to
consider only the plasmid-bearing population to find the long-term distribution of
plasmids in the population.

Next, we consider the total population (excluding the plasmid-free bacteria vy). We
denote the total population by u(z,t) and formally define it by

U(Z, t) = U(Z, t) X(O,m)(z) + U)(Z, t) X[m,oo)(z)a
where x denotes the characteristic function, i.e., xa(x) = 1if z € A and xa(z) = 0 if

x ¢ A for some set A. Then, by equations (3.7) and (3.8), u(z, t) satisfies for z > 0 the
following equation:

Opu(z,t) + 0: (b(2) u(z, 1)) = = (B(2) (1= ko(2)) Xjm.eo)(2) + 1(2)) u(z, )

+ / B(2") k(z, 2" ) u(2',t) d2'.

max{m, z}

We define 3,,(2) := (2) Xfm,)(2) and simplify the equation for u to
Opu(z,) + 0: (b(2) u(z, 1)) = = (Bn(2) (1 = ko(2)) + pu(2)) u(z, 1)

¥ [ () (e, 2y ule 1) d

Together with the zero-flux boundary condition lim b(z)u(z,t) =0 for all £ > 0 and

z—0
an initial condition, the second continuous VGT model is

Owu(z,t) + 0, (b(2) u(z,t)) = —<6m(z) (1 —ko(2)) + u(z)) u(z,t)
[ Bl k() ulz 1) a2 (3.9)

lim b(z)u(z,t) =0 forallt>0, wu(z0)=¢(z) forallz>0.

z—07F
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3.2 Analysis of the regular vertical gene transfer model

Comparison of the two models

Both model equations are hyperbolic transport equations with an integral term. They
also both contain a non-local term as bacteria with many plasmids can divide in such
a way that one of their daughters has only few plasmids.

However, the first and the second model differ from one another in the integral
kernel. In the first model, the integral kernel is 3(2’) k(z, z’). Due to the condition
JE k(z,2') dz = 2 for all 2/ > 0, it holds that

lim sup [(2') k(z,2") = o,

2/ =0t 2€[0,2']
if 5(z') > ¢ > 0 in a neighborhood of 2z’ = 0. For example, if the kernel k is scalable,

then k has a singularity at 2’ = 0.
In the second model the integral kernel satisfies

Bn(2') k(2,2") = B(Z') Xim,o)(2)) k(2,2") =0 forall 0 < 2’ <m.

Therefore, we can assume the integral kernel is bounded for all (z,2’) € R.g x Ryg.
This assumptions simplifies the analysis of the model. For example, we can show com-
pactness and existence of a real dominant eigenvalue for the eigenproblem associated
with the second model (see Section 3.2.2). In the first model this is not possible and we
have to use another method to show stability of the eigensolution, viz. the Generalized
Relative Entropy method (see Section 3.3.4).

In the following, we refer to the first model as the “singular” VGT model and the
second as the “regular” VGT model owing to the singularity or regularity of the integral
kernel in the two models.

3.2 Analysis of the regular vertical gene transfer model

This section is based on [96].
We consider model (3.9), the regular model for VGT of plasmids, i.e.,

Ouu(z,t) + 0: (b(z) u(z, 1)) = = (Bn(2) (1 = ko(2)) + u(2)) u(z, 1)

—|—/ﬁm(z’) k(z, 2"y u(Zt) d2,

l_i}rél+ b(z)u(z,t) =0 forallt>0, wu(z,0)=¢(z) forallz>0.
The aim of this section is to analyze the long-term behavior of the regular VGT model.
First, we state the assumptions on the parameters which we assume to hold throughout
this section. Then, we study existence of a solution to the eigenproblem associated
with the regular VGT model in Section 3.2.1 and the stability of the eigensolution
using spectral analysis in Section 3.2.2.

We make the following assumptions on the parameters of the model:

(A1) There is a zop > m such that b(0) = b(z9) = 0, b(z) > 0 for all z € (0, zp), and
be Cl([O, Zo])
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3 Vertical gene transfer of plasmids

(A2) 5e€C[0,%]) and 0 < § < B(z) < B, for all 2 € [m, 2]
(A3) peC([0,2)]) and 0 < p < p(z) < [ for all z € [0, 2).
(A4) ko € C([m, 20]), ko(z) = 0 for z < m, and ko(z) € [0,1] for all z € [m, 2.

(A5) kissupported on the set Q := {2,z € [0, 2] : 2 < 2" and 2’ > m}, k is Lipschitz-
continuous in the first variable, i.e., there is a Lipschitz-constant L > 0 such
that |k(z1,2") — k(zq,2")| < L|2z1 — 29| for all 2’ € [m, zp] and all z1, 2, € [0, 2],
k > 0, k is symmetric in the sense that k(z,z') = k(2' — 2, 2') for all (z,2") € €,
Oko(2') + [Z k(z,2')dz = 2 for all 2/ € [m, 2], and 2/ ko(2') + [Z zk(z,2)dz = 2’
for all 2/ € [m, z).

These assumptions are regularity and non-negativity assumptions on the parameters
together with the consistency conditions on the plasmid segregation kernel k and k.
The integral conditions on k and ky model that bacteria always divide in two daughter
cells and we have mass conservation of plasmids at cell division (see Section 3.1.2 for
more details).

By Assumption (A1), there is a number of plasmids z, > 0 such that there is no
more plasmid reproduction in bacteria with z; plasmids. If we start with a bacte-
rial population where no bacterium contains more than zy plasmids, i.e., ¢(z) = 0
if 2 > 2y, then the number of plasmids in a bacterium never grows above z; due to
Assumption (A1l). With an increasing number of plasmids the metabolic burden of
the host bacterium also increases and the reproduction rate of plasmids decreases. It
is possible that the metabolic burden increases so far that a bacterium becomes inac-
tive [13]. For this reason we assume that there is a maximal number of plasmids zy
and we only consider bacteria with at most zy plasmids, i.e., z < 2.

For the remainder of this section we always assume that Assumptions (A1) to (A5)
hold. Incorporating these assumptions into the regular VGT model, we obtain the
following model equation

Ou(z,t) + 0. (b(z) u(z,1) = = (Bn(2) (1= ko(2)) + p(2)) u(z, 1)

+ /Bm(z/) k(z,2")u(Z,t) d2/, (3.10)

lim b(z)u(z,t) =0 forallt>0, wu(z0)=¢(z) forallze (0,z).

z—0t

In the following, we analyze the long-time behavior of solutions to (3.10).

3.2.1 Existence of eigensolutions

This section is based on [96] and extends it to the case that k¢(z) can be positive
for z € [m,z). As the long-time behavior is characterized by eigenfunctions (see,
e.g., [30,69,83]) and we want to study the long-time distribution of plasmids in a
bacterial population, we consider the eigenproblem associated with the regular VGT
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model (3.10):

d

£<b(z)l/{(z)) = —(Bul2) (1 — ko(2)) + u(z) + \) U(2) + / B(2) Kz, 2" U(2') d,

lim b(z)U(z) =0, U(z) >0 forall z € (0, zp), /ZO U(z)dz = 1.
0

z—07t

(3.11)
The aim of this section is to show existence of a solution (A, U) to the eigenproblem
(3.11).
The increase in the number of plasmids by reproduction is modeled by the flow
Z(t, z) that is given by

d
d—tZ(t, 2)=0b(Z(t,z)), forallt>0,z¢€]|0,z), (3.12)
Z(0,2) =z, forall z€l0,z).

The Picard-Lindel6f Theorem [3, Theorem 1.10] gives existence and uniqueness of the
flow Z(t,z) for z € (0, z) because b € C([0, 29]) by (A1) and thus b is Lipschitz-
continuous with Lipschitz constant Lip(b) = H[léiX] 1b'(2)] < 0.

z€10,20

With the flow Z(¢,z) we can state the result of this section, the existence of an
eigensolution to the regular VGT model.

Theorem 3.4. Under Assumptions (A1) to (A5), and the additional assumption
(A6) T [ e JomtmZoam0hoZ s ds gy o
00

there exists a solution (A, U) to the eigenproblem (3.11) such that U € C'((0, 20)) and

Remark 3.5. (a) Note that if u is constant and ky = 0, then Assumption (A6) coin-
cides with Assumption 3-4 of [19] and can therefore be interpreted in the same
way: the flow Z(¢,z) has to move away from 0 or to be more exact out of the
interval [0, m] sufficiently fast (see [19, Remark 7]).

(b) If there is 0 < M < 2 such that inf.cps . — 7 + Bm(2) (1 — ko(2)) > 0 and
there exist € € (0,1), a > 0 such that b(z) > az'*® in a neighborhood of 0, then
Assumption (A6) holds (this can be shown as in [19, Proposition 7]).

(c) By change of variables z := Z(t, 2), it holds that

o0 20

/ / o= Jo BT B (Z(s.2)) (1—o(Z(s.2)) ds g1 gy
0

0
20 20

_ / / o [ B ) (1-ko @) by dy L o 00
) b(z)
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3 Vertical gene transfer of plasmids

Therefore, Assumption (A6) is equivalent to

20 20

/ / o B ) ko)) o) dy L 0
0 2

b(2)

The proof of Theorem 3.4 follows Doumic [29] and Campillo et al. [19]. Doumic [29]
shows existence of an eigensolution for a model for a cell population structured by
age and molecular content using the method of characteristics, a regularization, and
theory of positive operators. Regularization and approximation techniques are very
useful and widely used (see, e.g., [53,69]). Campillo et al. [19] use a similar method
as Doumic [29] to show existence of an eigensolution for a growth-fragmentation-death
equation for a mass-structured population. They include a constant death rate and
assume the segregation kernel is scalable. The following proof extends the approach
used by Doumic [29] and Campillo et al. [19] to the case of non-constant cell death rate
and general, i.e., not necessarily scalable, plasmid segregation kernel.

Proof. The proof follows [29] and [19]. We do the proof in five steps. First, we regularize
the problem and define the operator G5 that we use later to obtain an eigensolution.
This operator was derived by Doumic [29] using the method of characteristics. Due to
the regularization, the operator G¥ is strictly positive. In Step 2 we show compactness
of G5 and in Step 3 we use the Krein-Rutman Theorem to show that the spectral radius
is an eigenvalue of G5. We show that the unregularized operator GY has a fixed point
in Step 4 and conclude in Step 5 by defining the eigenfunction U in terms of the fixed
point of GY.

Step 1: Regularization
Firstly, we introduce the regularization parameter ¢ > 0 and define for z € [0, zy] and
2" € [m, zy] the functions

Bu(2) = Bun(2) (1 — o)) + p(z) + 2 and ko2, ) = B (2 )h(z, ) + 2=

20

We consider the Banach space C°([0, z]) of continuous functions endowed with the
supremum norm ||-|| . Let

o 20
A = inf {)\ eR: //e_ Jo A+Be(Z(s20 ds gt gy < oo} :
00

Since A + B.(Z(s,2')) < A+ 3,, + i + ¢ for all 2’ € [0, )], s € [0, 00),

00 20 00

20
//e—t(A—i-Bm—&-E-i-e) do di </ eff(f MBe(Z(s,2) ds g g1
0 0 0 0

For A < —(3,, + i + €) the integral on the left-hand side diverges, therefore we know
that A, > —(B,, + 7 +¢).

34



3.2 Analysis of the regular vertical gene transfer model

Since A 4+ B.(Z(s,2")) > p — i + Bm(Z(s,2")) (1 = ko(Z(s, 2'))) for all X > —7i and
z' €0, 2], s € [0,00), by Assumption (A6)

o0 20 o0 20
//6_ fot )\+BE(Z(S7z’)) ds dZ/ dt < //6_ fotH_E'F,Bm(Z(S,Z/))(l—k‘o(Z(s,Z/))) ds dZ/ dt < 00.
0 0

Therefore, A\, € [—(8,, + T + €), —].
Let ¢ > 0 and A > ), for the remainder of this proof. For f € C°([0, 2]) define the
operator G5 by

00 20

= ///is 2, Z(t,2") f(2)e” Jo B2 ds g1 gy
0

G5 is well-defined for A > \_, therefore in particular also for A > —7i.

The operator G5 maps continuous functions to continuous functions as f,,(z")k(z, z’)
is continuous in z for a fixed 2’ € [0, 29]. Due to the regularization, the operator G5
is strictly positive in the sense that for every f € C°([0, z]) with f > 0 and f # 0,
G5[f](z) > 0 for all z € [0, 29| and for all € > 0.

Step 2: Compactness of G5
Next, we consider the unit ball of functions f € C%([0, zo]) with ||f]|., < 1 and show
that G5[f] is uniformly bounded and equicontinuous. The Theorem of Arzela-Ascoli
(see Theorem 2.11) then implies that the operator G5 is compact.

It holds for all f € C°([0, zo]) with ||f]],, <1 that

00 20
€ — ! s,2')) ds
IGS e < (Bl + 2 ) I [ f e oremeste gz,
00

where ||k]|, = |[k|qll,, < oo and the last factor is finite because A > A.. Therefore,
G5lf] is uniformly bounded.
Let f € C([0, z0]) with [|f]|., <1 and 21, 22 € [0, 2o], then

00 20

GSNe1) = G| < B Ll = al S [ [ e o0 gty
0 0

Therefore, G5[f] is equicontinuous and by the Theorem of Arzela-Ascoli, the operator
G5, : C°([0, 20]) — C°([0, 20]) is compact for every € > 0 and A > ).

Step 3: Figenelements
As G5 is compact and strictly positive for ¢ > 0 and A > A_, by the Krein-Rutman
Theorem (see Theorem 2.23), the spectral radius 7(G5) > 0 is a simple eigenvalue of
G5 and there is a unique positive eigenfunction W5 € C°([0, z]) with || U5]|,, =

The map A — r(GS) is continuous (see, e.g., [19]).

Step 4: Fized point of GY
Now, we use the continuity of the map A — r(G5) and the fact that a fixed point is an
eigenfunction corresponding to the eigenvalue 1 in order to show that there is a fixed
point for the operator G5.
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First, we show that the spectral radius takes values < 1. For f € C°([0, 2]) integrate
w.r.t. z, for A > —p,

7@;[;‘]@) dz — / / (26022, /) +22) f(/) o AT BN s g1 gy
0 0 0

o0 20

< (QBm +2€) //f(z')e_t()‘+ﬁ) dz' dt
25 + 2¢
oA+ p /f

Let f = W§, then

€ 7 € 2/8 +2€ €
rGR) [ 5 d < = /q,
0

Therefore, r(G5) <1 for A > 203, + 2 — p.
In a similar way, we obtain a lower bound for r(G5). Integration w.r.t. z over [0, z]
yields

[ el :7/ (2621, )1 = ho(Z(2, 2))) + 22) F (/) B0 1y
0

v

2 / / IO £ ( = Jy B (Z(s.2) (1=ko(Z(s.2 >>>+eds> 42 dt.
0 0

Recall that we assume A > —fi. Integration by parts yields

[ G dz =2 [ 1) a
0 0
o0 20
_ 2//f<2/) (A + ﬁ) 6_ fot A“Fﬁ"‘ﬁm(Z(Sazl))(1—k0(Z(S,ZI)))+€ ds dZ/ dt
0 0

With f = U5, we obtain

z20 20
(G5) / WS (2) dz > 2 / WS (') do’
0 0

00 20

O\ + 7 / / WS ( Jo MFHB (Z(5,2)) (A=ko(Z(s2'))+e ds g1 ¢
o0 20
> 2 / dz' _2 )‘+M //\IJE )\+Bg(Z(sz ) ds dz'dt.
0

Hence, hm T(G€> > 2. Due to continuity of the map A — r(G5), for every ¢ > 0

A——
there exists a )\ € |1, 28, + 2¢ — p] such that r(G5,) = 1. For brevity, denote the
associated eigenfunction by W, =: U§ .
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3.2 Analysis of the regular vertical gene transfer model

For every ¢ € (0,1] the operator G5_ has the fixed point W. € C°([0, z]) with ¥, > 0,
|Vl =1, and A\ € [-71,253,, + 2 — p]. The family (V.)o<c<; is uniformly bounded
by 1. Let 21, 22 € [0, 20], we use ¥, = G5_[¥.] and the same estimates as in the Step 2
to obtain

o0 20

’\115(211) . \I]5<22)| S BmL |2’1 o 22’ //eifo Ae+B:(Z(s,2")) ds dZ/dt
0 0

o0 20

<B. Lz — 2| / / e Jo o FHBm (2052 (=Ko (Z (5,2 ) ds g1 gy
0 0

where the last factor is bounded by Assumption (A6). Thus, the family (V.)o<c<; is
compact by the Theorem of Arzela-Ascoli. Hence, we can extract a subsequence of
(A, ¥ )o<e<1 which converges for € — 0 to (\, V) € [—@, 23,, +2 — u] x C°([0, 20]) with
¥ >0 and ||¥| = 1. By Assumption (A6) and dominated convergence, the function
U satisfies the following equation:

00 20

W(2) = [ [ 820020 bz, (1, 2) W) eI X0 oD D 20 1y
0 0

Step 5: Conclusion
We conclude by defining for every z € (0, zp)

fz At+Bm(s)(A—ko () +uls) 4o

Uz) = b(lz) / W(y)e 00 dy (3.13)

and showing that U is an eigenfunction corresponding to the eigenvalue A.
For all z € (0,2), U(z) > 0 and U € C*((0, 29)). Moreover,

(b(2)U(2)), = = (A + Bu(2)(1 = ko(2)) + (=) ) U(z) + U (2).

With change of variables Z(t,2') — y and Z(s, z’) — w, we obtain

o0 20
U(2) = [ [ Bul 200 2)k(e, Z(0, )W) Ao DO 00 1 gy
0 0
20 20 _fy At Bm (w) (L —kg (W) +p(w) 4 1
= [ [ Bty ke vy e S o)
Yy
0 2

2Q

Yy
1 Y ABm (w) (L= kg () +p2(w)
= /ﬁm(y)k(z,y) 7[)( )/\I/(z’) o I A+ () bu) gy, dz dy
Y
0

= /Bm(y) k(z,y)U(y) dy.

Therefore, U defined by (3.13) is a solution to the PDE in (3.11).
Since it follows directly from the definition of ¢/ that the zero-flux boundary condition
and the non-negativity condition are satisfied, it remains to show that the integrability
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3 Vertical gene transfer of plasmids

condition also holds which we do now. Using again change of variables, | V|| = 1,
A € [-7,28,, + 2 — u], and Assumption (A6),

20 Z0 1 z 7‘]'2 /\+Bm(5)+ll«<5) ds
/L{(z) dz = /—/\P(y)e v 5(s) dy dz
0 0 b(z) 0

20 20

e b(z)

Z0 00

= //e’f5*+5m(z(w7y))+u(z(w,y))dw dt dy
00

20 0O

< //e* Jo 5=t B (Z(wy) dw gy dy < 0.
0 0

Therefore, U(z) = % is a solution to (3.11). O
0

3.2.2 Spectral analysis

This section is based on [96]. We are interested in the stability of the eigenfunction
and the long-time distribution of plasmids in a bacterial population and therefore we
perform a spectral analysis of the operator A that is defined such that the model
equation (3.10) is given by du(z,t) = Afu(-,t)](z). The operator A maps a function
UeW:={fe€L0,z2)): (bf) €L(0,20))} to

AN =~ (M) UE)) — (Bal2) (0~ ho(2) + (2)) U2)

+ [ Bl ks, 2) U() o'

z

Hence, A maps W to L'((0, z)).

The aim of this section is to show that the operator A has a simple real dominant
eigenvalue. In order to show that it is a simple eigenvalue, we need to make an ad-
ditional assumption on the plasmid segregation kernel k, viz. that k is a.e. strictly
positive. We assume the following assumption to hold for the remainder of this section:

(A7) k(z,2") > 0 for a.e. z € (0,2), 2 € (m, z).

Assumption (A7) holds for example for a scalable kernel with ®(§) > 0 for a.e.
£ € (0,1).

Instead of directly analyzing the spectrum of the integro-differential operator A, we
relate the spectrum of A to the spectrum of an integral operator T and analyze its
spectrum.

Let I : W — LY((0, z)) be the embedding of W C L'((0, z0)) into L*((0, 29)). For
A € C define the operator Ry : W — LY((0, z)) by Ry := (M — A). The operator R,
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3.2 Analysis of the regular vertical gene transfer model

is invertible if and only if for every f € L'((0, 2)) there is a unique U € W such that

d

(W UE)+ (A + Bu()(1 = kol=)) + 1(2))U () = [ Bl k(2 YU () 42! = f(2)

We use the transform v(z) := b(z) U(z). If U € W, then

veW, .= {fELl ((O,ZO),bU(Z;

Moreover, the function v is a solution to the integro-differential equation

) [ e Ll((O,ZO))}.

s A BB =R ) FhaRED)
V' (2) + o v(z) / ) (') d? = f(z). (3.15)

For the sake of brevity we define

o2 o= AL o)+t

The weighted L'-space Ll is a Banach space with the norm

and L. =L ((O,ZO), b) .

Il = [ 1555

We can reformulate equation (3.15) using variation of parameters. In this way, we
obtain an integral equation for v that does not contain the derivative of v. Variation
of parameters and lim v(z) =0 (as lirgl+ b(z)u(z,t) = 0 for all £ > 0 for every solution

z—r

z—0*t
u to (3.10)) yields

v(z) = O/I/Wv(z') dz e~ Je oG dy dx+0/f(m)ef:a(>"y) W de.  (3.16)

For v € L, we define the first summand on the right-hand side in (3.16) as the operator
T)\, i.e.,

Z 20

Ti[v](2) == / W v() dz' e” Joewdy g

0 x

Note that we have the index A in T as a depends on \.
In the next lemma, we show some basic properties of the operator T before relating
the spectrum of T to the spectrum of A in Lemma 3.7.

Lemma 3.6. Let ®(\) > —p. The operator T is a bounded operator that maps L, to
L} and the operator norm of T satisfies

25
T <
|| >\||op— %()\)‘i‘,u
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3 Vertical gene transfer of plasmids

Proof. Note that R(a(), 2)) = a(R(N),2) as b, B, i, and ko are real. Let v € L
then

175l S/bl //Bm(zb)(k/gz’z) 0(2')] d2' e Jo SRy g g

20 20 20

1 Jreonndy g, Bn(ERG D
/// e dz o) lv(2")| d2’ dz.
With
d<e— f; a(R(N),y) dy) _ _a(%o\), Z) o f; a(R(N),y) dy

dz
R + Bl(z) + p(2) o= [ alR(),y) dy
b(z) | ’

we obtain that for R(\) > —p,

b(z) - dz =
Thus,
7 zoﬁm N k(z, 2
1Tl < RO) + ) [ [ BB oy g
b(2')
B ’)! 2B,
k di < —™ 1.
Therefore, [|T3[v][|;; < oo for R(A) > —p and Ti[v] € L,,. O

Next, we study the connection between the spectra of A and T).

Lemma 3.7. The spectrum of A and the spectrum of Ty are connected in the following
way:

(a) If 1 € p(T)), then A € p(A), where p(-) denotes the resolvent set.
(b) If x € 0(A), then 1 € o(Ty), where o(-) denotes the spectrum.

(c) A€ op(A) if and only if 1 € op(Ty), where op(-) denotes the point spectrum.

Proof.  (a) Let I denote the identity operator. If 1 € p(Ty), then the operator I —T) is
invertible, i.e., for every f € L*((0,2)) there exists a unique solution v to (3.16).
This function v is the unique solution to (3.15) and U(z) := zég is the unique
solution to (3.14). This means that the operator Ry := (A — A) is invertible and

therefore A € p(A).
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3.2 Analysis of the regular vertical gene transfer model

(b) This is a direct consequence of (a) because the spectrum is the complement of
the resolvent set.

(c) A € op(A) if and only if there is an eigenfunction U € W that satisfies (3.14)
with f = 0. With the definition v(z) := b(z) U(z) we see that this holds if and
only if there is a function v € W, satisfying (3.15) with f = 0. By variation
of parameters, this is equivalent to the existence of a solution v to (3.16). This
means, by the definition of T} that v satisfies T\[v] = v and therefore v is an
eigenfunction of the operator T to the eigenvalue 1, i.e., 1 € op(T)).

O

This lemma allows us to analyze the spectrum of the integral operator T and then
draw conclusions about the spectrum of the integro-differential operator A. By com-

bining Lemma 3.6 and Lemma 3.7, we obtain a first result about the spectrum of
A.

Lemma 3.8. If A € C with R(X\) > 28,, — p, then X € p(A).

Proof. By Lemma 3.6,

26
T < 77”7
1Tllop < RN +p
where || T3], denotes the operator norm of the operator T : Ly, — Ly,.

For R(A\) > 28, — p, [Tallyp < 1. I T3, < 1, then 1 € p(Ty) and therefore
A € p(A) by Lemma 3.7(a). O

Similarly, we use Lemma 3.7 in the following by first analyzing the operator T and
its spectrum in the next three lemmas and then returning to the operator A.

Lemma 3.9. Let () > —pu, then the operator T is compact.

Proof. We apply the Kolmogorov-Riesz-Fréchet Theorem (see Theorem 2.12) to prove
compactness of Ty in L!. To this end, we extend S,,, p, k, and b by 0 to R respectively
for k to R2.

The operator T) is a bounded linear operator for #(\) > —pu (see Lemma 3.6). Let
vell, [v[[; <1, and h >0 (the case h <0 is analogous), then

z+h zo

ITA[)(- + R) = Ta[o] ()l :/b(lz) / WU(Z/) Lo [P a0y
0 0 =
. 7 Zoﬁm(zl) k(ﬂf,Z’) ’ r - “Za()\,y)dy
O/x/b(zl) v(Z')dz e A dx| dz
ZOL [ Bl R, ) ) oy dy _ - [Falny) dy
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3 Vertical gene transfer of plasmids

z+h 2o ’ ’ ih
+ / /W lv(2")] d2’ e_fa:+ o\ y) dy d:zc) dz
< B Il //1— RO o= 00| g
m b(z)
00
zo z+h 1 h
N / / L et dy g g,
, b(2)
h—07 0,

uniformly in v € L} with |Jv]|;, <1 because the first summand is bounded for every
h > 0 due to

/ / ble S a0, dy |~ [T ey dy 1‘ drd-
2 b(2)
R N R 2z
< s | (o) dras < S0
_§R()\)+uo/x/ dz(e TSROy 1 =
for (A) > —p.
With [[v]l gy = [0l p1g0,z0)) < 0 [Vl < b where b := max b(2), the above cal-

z€[0,z
culation and the Kolmogorov-Riesz-Fréchet Theorem (see Th[eoﬁ]em 2.12) we see that
(Z) Ty[v] is relatively compact in L*((0, 29)).

Let (v,),cy be a sequence in L;, with [vall;y < 1, then there is a subsequence
(Um)men such that e )T,\[vm] converges in L'((0, zo)). Since 5 )T,\[Um] is a Cauchy se-
quence in L'((0, 29)), Th[vm] is a Cauchy sequence in L} and hence converges. There-
fore, T is a compact operator in L} . O

Lemma 3.10. Let A € R with A > —p, then r(Ty) € o(Ty) and if r(T) > 0, then it
s an eigenvalue of T\ with a corresponding non-negative eigenfunction.

Proof. For the first part of the lemma we use a Theorem by Bonsall [16, Theorem 1,
p. 148]. L} is a partially ordered Banach space with the relation f < g if and only if
f(2) < g(z) for a.e. z € (0,2) and L. T :={f € LL : f >0 a.e.} is a normal cone as
it is a non-empty closed set and || f + g1 > [|f[l;, for all f, g € L,*. Tt holds that
LY =L.T—Ll* T, is a bounded linear operator and for v € L} with v > 0 a.e.,

P () (z, 2')
b(z')

Zz 20

L) = [ |

0 x

v(2')dz" e” ooy ga > 0 for ace. z € (0, 29).

Therefore, Ty : L1, — L. is a endormorphism (in the sense of [16]) and (7)) € o(T))
by [16, Theorem 1, p. 148].

By Lemma 3.9, T\ is a compact operator. Since T\ is a positive operator and
Ll = LT — L. * the second part of the Lemma follows directly from the weak form
of the Krein-Rutman Theorem (see Theorem 2.24). O
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3.2 Analysis of the regular vertical gene transfer model

In the next lemma, we use the positivity assumption on k, Assumption (A7), to
show that the spectral radius of T) is a simple eigenvalue of T.

Usually, one uses the Krein-Rutman Theorem in its strong form (see Theorem 2.23)
or the theory of non-supporting operators developed by Sawashima [90] to show that
the spectral radius is a simple eigenvalue [48]. However, the operator T) is neither
strictly positive nor non-supporting as it maps a function with essential support in
[0, m] to zero. Therefore, in the following lemma we consider the operator Ty only on
the interval (m, zo) and then use the weak form of the Krein-Rutman Theorem and a
result on semi-non-supporting operators (Theorem 2.25) on the truncated operator in
order to show that the spectral radius is a simple eigenvalue of the truncated operator.
Then, we conclude that the spectral radius of T) is also a simple eigenvalue of T).

Lemma 3.11. Let A € R with A > —p. If r(Ty) > 0, then r(Ty) is a simple eigenvalue
of T, i.e., there is a unique non-negative eigenfunction for r(T)).

Proof. We define the weighted L'-space L} := L' ((m,zo), %) and the extension

operator E : L} — L. that extends a function # € L. by zero to a function in L.
The inverse operator of E is the restriction operator, i.e., E[?]| (m) = U for every
o € L} and for every v € LL it holds that E[0](n.20)) = U X(m,z0)-

Now, we define the operator T)[7] := TA[E[0]]] ) that maps L} to LL. We show

Lemma 3.11 in steps. Firstly, we show that the spectral radius of T} is an eigenvalue
of Ty. Secondly, we show that it is a simple eigenvalue. In Steps 3 and 4, we study the
connection between the spectra of Ty and Ty. Finally, we conclude in Step 5 that the
spectral radius is a simple eigenvalue of T}.

Step 1: r(Ty) is an eigenvalue of Ty
The operator T) is compact if R(\) > —p (this can be shown as compactness of T} in
Lemma 3.9). Let A € R and o € L} with & > 0 and © # 0, then by assumption (A7)

fora.e. x <m

m,zo

] b(2')
Therefore, for all z € (m, z)
Z 20 / / .
T\[0)(2) = //W E[0)(2") dz" e” JS e dy gy >0
z
0 x (m,z0)

and T is a strictly positive operator for A € R. By the weak form of the Krein-Rutman
Theorem (see Theorem 2.24) 7 := r(T}) is an eigenvalue of T).
Step 2: 7 = r(Ty) is a simple eigenvalue of T

We use Theorem 2.25 in order to show that 7 = T(T ) is a simple eigenvalue, i.e.,
we show that 7T} is semi-non-supporting and that the resolvent of Ty has a pole at 7
and directly obtain that 7 is a simple eigenvalue. As every eigenvalue of a compact
operator is a pole of the resolvent (see Theorem 2.22) it just remains to show that Ty
is semi-non-supporting in l?}u w.r.t. the positive cone.
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3 Vertical gene transfer of plasmids

The operator T is a bounded, linear, compact, and strictly positive operator map-
ping L1 to L. . The positive cone in L. is given by

K — {fefﬁlu: f(z) >0 for a.e. ze(m,Zo)}7

<oo},
oo

K* = {fE L f(z) >0 forae. z€ (O,Zo)}.

the dual space of f)}ﬂ is the weighted-L*>° space

f(2)
b(2)

and the positive cone in the dual space is given by

Lz o= {7 € =m0 s |

For every & € K \ {0}, Ta[0] > 0 as Ty is a strictly positive operator. For every
f € K*\ {0} there exists a set of positive measure such that f > 0 a.e. on this set.
Therefore, [ f(2)Tx\[7](2) dz > 0 for every © € K \ {0} and every f € K*\ {0} and
the operator T,\ is semi-non-supporting in E}U w.r.t. K.

Step 8: £ € C\ {0} is an eigenvalue of Ty if and only if € is an eigenvalue of T
Note that because of §,,(z) = 0 for all z € (0,m) it holds for all u, v € L. that

u|(m720) = v\(mzo) implies that Ty[u] = T)\[v].

Let £ € C\ {0} be an eigenvalue of Ty with eigenfunction v € L}, then

T/\[U’(m,zo)] = T)\ [U X(m,ZO)]

) = T)\[U”(m,zo) = é U’(m,zo) :

(m,20

Therefore, the function v := v|( ) € L} is an eigenfunction of T\ with eigenvalue

¢ e C\{0}. B .
Let £ € C\ {0} be an eigenvalue of Ty with eigenfunction @ € L!. We define the
function v := ¢ T\[E[0]], then v € L;, and it holds that

™m,20

1
U|(m,zo) = ET)\[E['&H

1
(m,z0) 5 é

and
Ti[v] = Ta[v X (m,=0)] = TH[E[0]] = € v.

Therefore, v is an eigenfunction of T} with eigenvalue &.

Step 4: A simple non-zero eigenvalue of Ty is also a simple eigenvalue of T
Let £ € C\ {0} be a simple eigenvalue of Ty with unique eigenfunction. From the
previous step we already know that £ is also an eigenvalue of T). Assume there are two
different eigenfunctions vy, vy € L. for the eigenvalue . Then v] (m.z0) and vy (m.70)

are eigenfunctions of T} for ¢ by Step 3. As £ is a simple eigenvalue of the operator T
it holds that vi|,, . = cva|, , for some ¢ € C\ {0}. W.Lo.g. ¢ = 1. Hence,

Evr = Ta[vi] = Ta[v1] 2] = Tal02 2] = Talva] = Eva.
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3.2 Analysis of the regular vertical gene transfer model

Therefore, v; = vy which is a contradiction to v; and vy being different eigenfunctions.
Step 5: Conclusion

By Step 3 and compactness of both Ty and Ty we know that o(T3)\ {0} = o(T3) \ {0}.

Therefore, 7 = r(T)) and by Steps 1 and 3 it follows that r(7)) is a simple eigenvalue

of T. The non-negativity of the eigenfunction follows from Lemma 3.10. O]

Now we return to the operator A.

Lemma 3.12. The largest real eigenvalue Mg of A is a simple eigenvalue and an isolated
point of o(A) NR.

Proof. For A\ € R the map A — r(7T)) is continuous as T) is compact for A > —pu (see,
e.g., [27, Theorem 2.1, p. 104]) and strictly decreasing as T} is strictly decreasing in .

For A > 23, — p, r(Tx) < |Tall,, < 1 and by Theorem 3.4 there is an eigensolution
(A\*, U) to (3.11). This means that there is a \* € [—u,28,, — p] (note that due to
Lemma 3.8 we have a better upper estimate here than in Theorem 3.4) such that
A€ op(A) thus 1 € op(Th+) by Lemma 3.7 (¢) and r(Th~) > 1. Since A — 7(T))
is continuous and strictly decreasing there is a unique \ € [—p, 28, — p] such that
r(Ty) =1, ie, A € o(A).

For A > \, r(T)) < 1, ie,, 1 € p(T)) and hence A € p(A) by Lemma 3.7 (a). As
r(T5) = 1 is a positive eigenvalue of a compact operator, it is an isolated point in the
spectrum, i.e., there is ¢ > 0 such that [1 —¢,14+ ¢ No(T5) = {1}. By continuity
and monotonlclty of the map A — r(7)) there is therefore an ¢ > 0 such that for
Ae[A—e ), 1¢0(T)), ie, A& o(A) and \ is an isolated point in the real spectrum
of A.

It remains to show that \ is a simple eigenvalue of A. Denote the unique (up to a
constant) eigenfunction corresponding to 1 = r(T) by ¢ € L}, (0 is unique by Lemma
3.11). Then, ¥ is the unique solution to © = T[0] and therefore ¥ is the unique solution
to

v'(2) +

5‘ + Bm(Z) (1 — kO(Z)) + ,LL(Z) ’lA)(Z) _ 7ﬁm(zl> k(’ZVZ,) ’l/)(Z/) dZ/ — 0
b(2) '

b(2)

Define for z € (0, z), @(z) := b(z), then & € L*((0,2)) and since ¥ satisfies & = T5[0]

it holds that & € W, and thus & € W. Furthermore, (A — A)[6] = 0, i.e., @ is the
unique eigenfunction for the simple eigenvalue A of A and A\, := \. O

Finally, we use the previous lemma to show the main result of this section, viz. that
the operator A has a real simple dominant eigenvalue.

Theorem 3.13. The eigenvalue largest real eigenvalue of A, denoted by Ay, is a dom-
inant eigenvalue, i.e., if X € a(A) \ {Aa}, then R(\) < A4
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Proof. The proof follows the proof of Theorem 6.13 in [48]. We use the connection
between the spectra of T, and A that we have shown in Lemma 3.7, the previous
lemma, and the same method as Heijmans [48] in order to show that A\, is a dominant
eigenvalue.

Let A € 0(A) with R®(\) > —p and denote with Ag the largest real eigenvalue of A.
As A € 0(A), 1 € o(T)) by Lemma 3.7 (b) and therefore, by compactness of Ty, 1 is
an eigenvalue of Ty. Denote the corresponding eigenfunction by f € LL \ {0}. Then,

1= min) = | [ 20D ) g e oo g
0 x
z ZOM / 1 — [ R\ y)d
- O:Zi ) M) e LR o
= Troy [ /1]

As r(Twpy) # 0 is an eigenvalue of Ty and Ty is compact, r(Txey)) is also a
eigenvalue of the dual operator Ty, (see, e.g., [104, Theorem 2, p. 284]). Denote the

corresponding eigenfunction by f* € L := {f € L*>((0, zp)) : ch((j)) € LOO((O,ZO))}.

Let f* be normalized s.t. (f*, f) = 1. Taking duality pairings in |f| < Ty (| f]] yields

r(Twe) (f5 1) = {55 1)

therefore r(Tx(y)) > 1. As A — r(T)) is decreasing for A € R and 7(T),) = 1 (see the
proof of Lemma 3.12) this implies that R(\) < \;.

Suppose that A = Ay + in € o(A). We show now that this implies that n = 0, i.e.,
there no element in the spectrum of A with real part Ay but A, itself. As R(\) = \; we
obtain T),[|f|] > |f|. Assume that Ty,[|f|] > |f|, then taking duality pairings again,
(f, f*) > (f, f*) which is a contradiction. Therefore, Ty,[|f|] = | f|-

Let f; be the non-negative eigenfunction of T}, for the simple eigenvalue 1 (by Lemma
3.12). Therefore, |f| = ¢ f; for some constant ¢ € R, i.e., f(z) = ¢ fa(z) 9% for some
real valued function g(z). W.l.o.g. ¢ = 1. Substituting this into T},[f4] = |Ta[f]| yields

z 20

/ W Fo() dof o 2 e gy
z
0 x
zZ 20 )
_ /Wfdw) (i) g o= [ A e gy
z
0 =z

By [89, Theorem 1.39, p. 30], there exists a € C with |a| = 1 such that

Fa(z) 0wty )| = g fo(2) 9 L wy ),

fa(z) =

Let ¢ € R such that a = €%, then

ﬁw—néléy@+¢:o (3.17)
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3.3 Analysis of the singular vertical gene transfer model

We substitute f(z') = fa(2') e9) = fy(2') ¢ (1L w7 =) into T, [f] = f and obtain

z 20

fuzy e = [ Mz))(kg)
— TAd [fd](z) — ol fd(z)

Therefore, g(z) + ¢ = 2wk, k € Z, and with (3.17) we obtain for k € Z,

N Agtintbm ) +e) 4
= 5(y) dx

fa(?) ei(n J. vty dv=e) dz' e~

/—dy—zm

As this is in particular independent of x and z, we have n = 0. Thus, we have now
shown that if A = Ay +in € 0(A) then n = 0, i.e., A = Ag. Overall, if A € o(A) and
A 7é >\d then %()\) < )\d- [

In this section, we have shown that the operator A has a real simple dominant
eigenvalue that is isolated in the real spectrum.

3.3 Analysis of the singular vertical gene transfer model

A publication about this section is in preparation [75].
Now, we consider equation (3.5), the singular VGT model,

Bru(z, 1) + 8, (b(2)ulz, 1)) = — (B(2) + u(2)) ulz ) + /5 (<,1) '
b(0)u(0,£) =0 forallt>0, wu(z0)=p(z) forallz>0.

As for the regular VGT model, we aim at analyzing the long-term behavior of so-
lutions to the singular model. Due to the differences between the two model we take
another approach here than we did for the regular model. Firstly, we again state as-
sumptions on the parameters of the model. Then, we show existence of a unique mild
solution to the initial value problem in Section 3.3.1 and existence of a solution to
the eigenproblem in Section 3.3.2. In the singular VGT case, we cannot show that
there is a simple real dominating eigenvalue as in the regular case. Therefore, we do
a spectral analysis in Section 3.3.3 and study the stability of the eigensolution using
another method, viz. the Generalized Relative Entropy method, in Section 3.3.4.

Similar to the regular VGT model, we make the following assumptions on the pa-
rameters of the model:

(A1) There is a zp > 0 such that b(0) = b(z) = 0, b(z) > 0 for all z € (0, zp), and
be Cl([O, ZQD

(A2’) e C([0,2)]) and 0 < 8 < B(z) < B for all z € [0, z].

(A3’) peC([0,2)]) and 0 < p < p(z) < [ for all z € [0, 2).
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3 Vertical gene transfer of plasmids

(A4’) kismeasurable, supp(k) C Q:={z, 2’ €[0,20] : 2 <2}, k > 0, k is symmetric
in the sense that k(z,2') = k(z' — z,2') for all (z,2') € Q, [Z k(z,2') dz = 2 for
all 2/ € (0,z), and [7 zk(z,2') dz = 2 for all 2’ € (0, z).

These are regularity and non-negativity assumptions on the parameter and consistency
conditions on the plasmid segregation kernel k. The two integral conditions on £ model
that bacteria always divide in two daughter cells (see, e.g., [69]) and that we have mass
conservation of plasmids at cell division (for more details see the derivation of the
model in Section 3.1.2).

Due to Assumption (A1’) it suffices to consider bacteria with no more than z
plasmids, i.e., z € [0, zo] (see Section 3.2). Under Assumptions (A1’) to (A4’), the
singular VGT model is given by

Oru(z,t) + 0, (b(2) u(z,t)) = — (B(2) + p(2)) u(z,t) + /ﬁ(z') k(z, 2" ) u(Z',t) d2’,

b(0)u(0,t) =0 forallt>0, wu(z0)=¢(z) forallze|0,z).

(3.18)
First, we show existence of mild solutions to the initial value problem (3.18). Next,
we show existence of eigensolutions as we are in particular interested in the long-time
distribution of plasmids. To this end, we make more restrictive assumptions on the
model parameters and use a different approach as in the case of the regular VGT model
due to the singular kernel k. Finally, we analyze the stability of the eigensolution by

means of spectral analysis and the Generalized Relative Entropy method.

3.3.1 Existence of a unique mild solution to the initial value
problem

In this section, we show existence of a mild solution, in the sense of Definition 2.31,
to the initial value problem (3.18) using theory of semigroups (see Section 2.2.4). We
follow [31,103].

Throughout this section, we assume that Assumptions (A1’) to (A4’) hold. As
a direct consequence of Assumption (A1’), we obtain the following lemma (see [31,
Lemma 3.1]).

Lemma 3.14. If b satisfies Assumption (A1’), then for every z € (0, zy) it holds that

z Y

lim de:oo and lim de:oo.
o) b(a) vy | B@)

This lemma has a biological interpretation. Define for 0 < s < z < 2z

Then, g(s, z) is the time it takes an individual with s plasmids to increase the number
of plasmids to z (see, e.g., [103]). Hence, Lemma 3.14 means that bacteria do not
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3.3 Analysis of the singular vertical gene transfer model

L] L] L] L] L] ) Z
0.2 0.4 0.6 0.8 1

Figure 3.7: Plot of the function g¢(s,z) that models the growth of plasmids in a
bacterium for logistic plasmid reproduction b(z) = z (1 — z) and s = 0.01, 0.1, 0.2, 0.4,
0.6, 0.8, 0.9, and 0.95.

“move” from zero plasmids to z > 0 plasmids in a finite time and also they do not

reach the maximal number of plasmids 2 in finite time.
Ezample 3.15. In the case of logistic plasmid reproduction b(z) = i’—g z (29 — z) for some
by > 0, g is given by:

17 oz 171 1 Lo ZF0=5)
9(s,72) bos/l‘(ZO—x) ! bo $+Zo—$ ! bo Og(3<20_2)>

S

See Figure 3.7 for a plot of g(s, z) for different initial plasmid numbers s and by = 1,
20 — 1.

For every fixed s € (0, 2zg) the function g(s,-) is strictly increasing as b(z) > 0 for
z € (0, 29). Therefore, for a fixed s € (0, z9) the inverse of g(s, -) exists and we denote it
with g=!(s,t). The function g='(s,t) can then be interpreted as mapping the time ¢ to
the amount of plasmids a bacterium contains after time ¢ if it had s plasmids initially.
For s € (0, z9) the function g~ satisfies

%9*1(8, t) = b(g*1(57 t)), 971(8, 0) = s.

Hence, we find that ¢! (s, ) is identical with the flow Z(¢, s) defined in (3.12).
With these definitions, we now show Lemma 3.14.

Proof of Lemma 3.14. This proof follows [31, Proof of Lemma 3.1].
For all z € (0, 29) and ¢ € R it holds that

b(g~Y(z,t)) _ %g’l(z,t)
b(g~'(z,1)  blg7(21))

49



3 Vertical gene transfer of plasmids

Integration then yields

g7 (z,t)

t -1
t:/ ! dg” (5,7) dr = / 1 dr. (3.19)
0

Wiz dr
Due to Assumption (A1’) it holds that

S _ Lol _
Jim g (s,t) =2 and Jim g (s,t) =0.

Using this in (3.19), we obtain for all z € (0, z)

Y z

1 1
lim | —dr=00 and Ilim [ —— dz = o0.
Y=z 4 b(x) y=0t b(x)
This finishes the proof. O

Now, we show existence of a mild solution to (3.18). We do this by considering the
equation term by term: first, we consider only cell division and cell death. Then, we
include plasmid reproduction, i.e., equation (3.18) without the integral term and zero-
flux boundary condition, and show existence of solutions to this equation. Finally, we
include the integral term and show existence of a solution to (3.18).

We first consider equation (3.18) without the integral term, i.e.,

{ atu(za t) + aZ(b(Z) U(Z, t)) = (6(2) + M(Z)) U(Zv t)?
u(z,0) = ¢(z).

Define the operator A : L'((0,29)) — L'((0, 2)) by
Alpl(2) == =(B(2) + p(2)) ¢(2).

We show existence of a mild solution to (3.20) by first showing in the next lemma that
A is the infinitesimal generator of a C%-semigroup.

(3.20)

Lemma 3.16. The operator A is the infinitesimal generator of a linear positive uni-
formly continuous C°-semigroup T'(t), t >0, on L*((0, 29)).

Proof. Both 8 and p are bounded functions. Therefore, A is a bounded and linear
operator and the infinitesimal generator of a uniformly continuous semigroup 7'(¢),
t > 0, by Theorem 2.27(a). As every uniformly continuous semigroup is in particular
also a C%-semigroup, T'(t) is a uniformly continuous C%-semigroup.

The operator T'(t), t > 0 is the solution operator for the linear initial value problem

CZ“(Z’t) = Al 0)](2) = = (B(z) + p(2)) u(z,t)  and  u(z,0) = ¢(2).

Therefore, T'(t)p(z) = e tBETE) p(2) and T(t) = e tBE+RE) It follows directly
from the definition of T'(¢), t > 0, that it is a linear and positive C’-semigroup. O]
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3.3 Analysis of the singular vertical gene transfer model

Next, we include plasmid reproduction. Using the method of characteristics, we
show that there is a unique mild solution to (3.20).

Theorem 3.17. Let p € L'((0,2)), t > 0, and define

S(t)p(z) == b(g;((z,)—t)) Tt)p(g (z,—t)), for all z € (0, 2p). (3.21)

Then, S(t), t > 0, is a C°-semigroup of bounded linear operators on L'((0,z)). It
holds that:

(a) There are M > 1 and w > 0 such that [|S(t)@ll 100 < Me |l L1(0.20)) for
every p € L'((0,20)) and t > 0.

(b) S(t), t >0, is a positive semigroup on L*((0, 29)).

(c) S(t)p(z) is the unique mild solution to (3.20).

Proof. We follow again [103] and show the theorem in steps. In Step 1, we show that
S(t) is a bounded operator and (a), then we show that S(¢) is a linear semigroup of
operators in Step 2 and that S(¢) is a C%-semigroup in Step 3. In Step 4, we show
positivity and we conclude in Step 5 with the uniqueness of the mild solution S(t)(2).
In Step 5, we use the method of characteristics to show that every solution to (3.18)
can be written as S(t)p(z). Therefore, the definition of the semigroup S(¢) in (3.21) is
motivated by the method of characteristics.
Step 1: S(t) is a bounded linear operator for every t > 0

Let o € L'((0,20)) and fix some ¢ > 0. We define s := g~!(z, —t), then by definition
of g1 it holds that g(z,s) = —t, i.e., [} b(l) dx = —t. Due to the Leibniz integral rule
it holds that

dt 1 ds L

Tdz b(s)dz  b(z)

and because t does not depend on z,

ds  b(s) blg7(z, —t))‘

dz  b(z) b(z)

With change of variables g~!(z, —t) = s and % = W, we obtain that there are
constants M > 1 and w > 0 such that

29

5@ el om, / (el s = [ HEZ D Tt )]
= / T(0)e(s)] ds = 1T 0.0
< Mew H%OHLl ((0,20)) *
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3 Vertical gene transfer of plasmids

In the last step we have used that since T'(t) is a C%-semigroup by Lemma 3.16 there are
constants M > 1 and w > 0 such that ||T'(?)]|,, < Me*' for t > 0 (see Theorem 2.29)
where [|-||,, denotes the operator norm. Therefore, S(t) : L'((0,20)) — L*((0, 20)) is
bounded for every ¢ > 0 and we have already shown (a).

Step 2: S(t), t > 0, is a linear semigroup
Linearity of S(t) follows directly from linearity of T'(t), t > 0. It therefore remains to
show that S(t) is a semigroup of operators.

Let » € L'((0, 29)) and z € (0, z) then

_ bg7'(2,0) o _b(z) _
S(0)p(z) = T T(0)p(g (2,0)) = ) T(0)p(2) = ¢(2).
Hence, S(0) = I. Furthermore, for all t1, t, > 0, ¢ € L'((0, 29)), and z € (0, 20),
Ss(ee(z) = 00 (T Tl )| -
Mo e << kS MO D) )2 )l 0 1) ).

With g7 (g7 (2, —t2), —t1) = g7 (2, —(t; + t2)) (this follows from the fact that g is a
flow, see [103]) and using that T'(¢), t > 0, is a semigroup, we obtain

S(t)S(te(x) = W)

= S(t1 + t2)p(2).

Thus, S(t), t > 0, is a linear semigroup of operators.
Step 3: S(t), t >0, is a C°-semigroup
In order to show that S(t) is a C°-semigroup, we show that lilr(gr S(t)p = ¢ for all
t—

T(t1 +t2)p(g ' (2, —(t1 + 12)))

o € LY((0,z2)). First, we consider S(t) on the set of continuous functions. Let X :=
C°([0, 20]), X is dense in L'((0,2p)). Let ¢ € X and ¢ > 0 then

IS®% = ¢l 0.0 / SE)p() - ()] dz

-I—/‘(p (z,—1)) gp(z)’ dz

= [I+I1I1+1Il.
Change of variables g7'(z,—t) = s, & = W (see Step 1), and using that

g '(z,—t) = s implies that
—t=g(z,8) = —g(s,2), thus t=g(s,z) and z= g_l(s,t)
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3.3 Analysis of the singular vertical gene transfer model

in [ and II, we obtain

1= [IT@)¢(s) ~ o) ds  and

(i 1) ol =

Since g~ (s,t) 29 ¢ uniformly for s € supp(¢) C [0, 20}, T'(t), t > 0, is a uniformly
continuous C°-semigroup, ¢ is continuous, and the range of ¢ on supp(y) has compact
closure in R, we know that S(t), t > 0, is a C’-semigroup on X.

With Step 1 and since X is dense in L'((0, 29)) it follows that S(¢), ¢ > 0 is a
C%-semigroup on L'((0, zg)) (by extension of S(t) from X to L'((0,2))).

Step 4: S(t), t >0, is a positive semigroup
Let ¢ € L1((0,z)), ie, ¢(z) > 0 for a.e. z € (0,20), then T(t)p(g (2, —t)) €
L% ((0,z)) as T'(t) is a positive semigroup. Therefore, together with b(z) > 0 for all

€ (0, 29) we obtain that S(t)p(z) > 0 for a.e. z € (0,2), i.e., S(t)p € LL((0,z))
and S(t), t > 0, is a positive semigroup.

Step 5: Uniqueness of the mild solution S(t)¢(z)
We use the method of characteristics to show that every solution wu(z,t) to (3.20)
satisfies u(z,t) = S(t)p(z).

Let u(z,t) be a solution to (3.20) with u(z,0) = ¢(z) and let 7(v,t) := v — ¢ for
v>t, 7 Yz,t) =2 +t. Then,

Y b(g~"(s,1))
II = 1—<gs|]go )| ds.

d —7 Y, t) =1, 77H0,t) =t for all ¢ > 0.
dx
Fix z € (0, z9) and ¢ > 0. We define w(z) := u(g~'(z,z),7 (z,t)). The function w(z)
can be interpreted as the density of bacteria at time ¢ 4+ x that had z plasmids at time
t, i.e., in particular w(0) = wu(z,t) (for a plot of the function ¢ for logistic plasmid
reproduction see Figure 3.7).
Using that u is a solution to (3.20) we obtain

L () = g™ ), 77 1)
= 0.u(g M (z,2), 7 (x,1)) Oug (2, 2) + Ou(g (2, 2), 7 (2, 1)) Op7 (2, 1)
= 0.u(g™(z,2), 7 (2,1)) b(g " (2, 7))
= 0.(b(g7" (z,2) ulg™ (2, 2), 7 (@, 1)) + Aulg ™ (z,2), 7 (2, 1))
= —0.b(g7 (2, 2) u(g ™ (z,2), 7 (@, 1) + Au(g ™ (2, 2), 77 (x, 1))
= —0.b(g7"(2,2)) w(z) + Aw(x).

Define w(z) := w(x — t), then we can interpret @ similar to w: w(z) is the density of
bacteria at time z for bacteria that have z plasmids at time ¢, i.e., w(t) = u(z,t) and
@(0) = u(g~(z, —t),0).

We use the method of characteristics: the function @ is our characteristic curve along
which the PDE becomes an Ordinary Differential Equation (ODE). We can solve this
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3 Vertical gene transfer of plasmids

ODE and thereby obtain a solution to (3.20). It holds that

CZCID(:(:) = ddxw(x —t) = —0.b(g7 (2,2 — t)) w(x —t) + Aw(z —t)

= —0:b(g " (2,0 — 1) (@) + Ab(z) = (—0:b(g (2,2 — 1)) + A) ().

We can solve this equation for #. With change of variables ¢~!(z,y) = ¢ and dy =
L_dj with dropping the tilde again, we obtain

b(7)
() = exp — O/ ~0.b(g " (2, — 1)) dy| T(2)w(0)
— exp _ x/t@zb(g_l(z,y))dy T(2)@(0) = exp { gl7$_t)g((5)) dy| T(x)w(0)
- R
o e R S

It holds that g7 (z, —t) € (0, 29) for every t € R, z € (0, z9) due to Lemma 3.14. Hence,

(e t) = ulg™ (017 (0.0) = w(0) = () = 5= T (0
_ b(g_lb(éj)_t)) T(t)w(—t) = b(g_lb(('z’) D T yalg™ (2, ), 7 (~1,1))
Mo~ 1) Mg )
= b(z) T(t)u<g (Zv t)v()) b(z) T(t)gD(g (Zv t))
— S(1)¢(2).

Therefore, every solution u(z, t) to (3.20) with u(z,0) = ¢(z) satisfies u(z,t) = S(t)p(2)
and the solution S(t)¢(z) is the unique mild solution to (3.20). O

We have shown existence of a unique mild solution to (3.20) and now we add the

integral term and the zero-flux boundary condition, i.e., we consider the full model
(3.18). To this end we define for u € L'((0, z)) the integral operator

Flu](z) := /6(2’) k(z, 2" u(z") dz'.

In the next lemma we gather some properties of the operator F' before we move on to
showing existence and uniqueness of a mild solution to (3.18).

Lemma 3.18. The operator F is linear and bounded. It maps L'((0, 29)) to L*((0, z)),

its operator morm satisfies ||F||Op < 2B, and it is Lipschitz continuous with Lipschitz
constant Lip(F) = 2.
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3.3 Analysis of the singular vertical gene transfer model

Proof. The linearity of F' follows directly from linearity of the integral.
Let uw € L'((0, z)), then

20 20

1Tl / Flul(2)] d= < [ [ BE) kz) u(2)] d/dz

0 =z
<5//kzz dz |u(Z' ]dZ—Qﬁ/]u )| d7’
= 25 ||u||L1((0,zo))‘
Therefore, F' is a bounded operator, it maps L'((0, z0)) to L'((0, 20)), and [|F[|, < 20.
It only remains to show that F' is Lipschitz-continuous with Lipschitz constant

Lip(F) = 283. To this end, take arbitrary functions u; and uy € L*((0, zp)), then

[ F[ui] = Flua]ll 10,20 =

/B(z')k(z 2 uy (') d dz—/ﬁ 2 ug(2) d2'| dz

g//ﬁ@quaznm@q—wgndz@

z0 2
< B//k(z,z’) dz' |ui(2") —ua(2)] dz
00
= 20 [lur — w2l 11 ((0,)) -
Therefore, F is Lipschitz continuous with Lipschitz constant Lip(F) = 273. O

We combine now Lemma 3.18 and Theorem 3.17 via variation of constants in order
to obtain a mild solution for the singular VGT model (3.18).

Theorem 3.19. Let S(t), t > 0, be the positive C-semigroup from Theorem 3.17 and
let o € L'((0,20)). Then, there is a unique solution U(t)p for the integral equation

U@¢:S@¢+/SQ—$FW@MM& t>0.

Furthermore, it holds that
(a) U(t), t >0, is a positive C°-semigroup,

(b) there are M > 1 and w > 0 such that it holds for all t > 0, @1, 2 € L'((0, 20))
that [|[U(t)e1 — U(t)902||L1((o,zO)) < MePPMH |y — 902||L1((O,ZO)); and

(c) U(t)p(z) is the unique mild solution to (3.18).
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3 Vertical gene transfer of plasmids

Proof. By Theorem 3.17, we know that S(¢), t > 0, is a C°-semigroup on L'((0, z0)) and
there are M > 1 and w > 0 such that [|S(t)[|,, < Me*". We denote the infinitesimal
generator of S(t), t > 0, by As. By Lemma 3.18, we know that F is a bounded linear
operator.

All conditions of Theorem 2.32 are satisfied and therefore Ag+ F is the infinitesimal
generator of a C-semigroup U(t), t > 0, on L'((0, 2)) that is the unique solution to

t

U(t)p = S(t)p + / S(t — s)FU(s)g] ds

for ¢ > 0 and ¢ € L'((0, 2)). Furthermore, it follows that [|U(t)],, < M@ HMIIFllop )t
With [|F||,, = 28, (b) directly follows.

By Theorem 2.27(c), we know that Ag + F is densely defined. We also know that
the resolvent of Ag + F' is not empty (as [28 —  — p,00) C p(As + F), this can be
show analogously to Lemma 3.8). Therefore, by Theorem 2.30, U(t)p(z) is the unique
solution to (3.18).

Finally, positivity follows from positivity of S(t¢) and the proof of Proposition 3.1.2
in [82]. The zero-flux boundary condition is satisfied due to the integrability of U(t)p(z)
and Lemma 3.14. [

Thus, we have shown that there exists a unique non-negative mild solution to the
singular VGT model for every initial condition ¢ € L% ((0, z)).

If ¢ is in the domain of the generator of the semigroup U that we denote by Ay,
then the solution is continuously differentiable w.r.t. time and a weak solution (or a
solution in the classical sense if it is also continuously differentiable w.r.t. z).

Following [31], we can state D(Ay). First, we fix some s € (0, z9) and define

0:(0,2z0) = R, 0(2) :=g(s,2).

and

©: L'(R) = L((0,20)), Opl(2) := ¢(0(2)) 0'(2) =
Then, the domain of Ay is given by D(Ay) = O[WH(R)] [31].

3.3.2 Existence of solutions to the eigenproblem

We are again interested in the long-time distribution of plasmids in the bacterial pop-
ulation. Therefore, we consider the eigenproblem associated with the singular VGT
model (3.18).

In the regular model, we could adapt the approach by Doumic [29] and Campillo et
al. [19] to show existence of a solution to the eigenproblem. However, in the case of
the singular model this is not possible (see Remark 3.20). Therefore, we use a different
approach.
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3.3 Analysis of the singular vertical gene transfer model

Remark 3.20. Recall the comparison of the two VGT models at the end of Section 3.1.2:
in the singular model the integral kernel 5(2') k(z, ') is unbounded for z — 0 while in
the regular model we have the integral kernel 3,,(2') k(z, 2') with G,,(2') k(z, 2") = 0 for
all 2/ < m. For this reason, we cannot show compactness of the operator G5 using the
Theorem of Arzela-Ascoli as we did in the proof of Theorem 3.4 because we estimated
the kernel by its supremum norm which is not possible for an unbounded kernel (see
the computation below).

Let € > 0 and f € CY([0, 2]), consider the operator G5[f] defined, as in the proof of
Theorem 3.4, by

00 20
//( (Z Z(t Z)) + 28) f(Z,) e—fot>\+5(Z(s,z’))+u(Z(s,z’)) ds dz dt.
20
Let f € CY([0, zo]) with [|f]|, <1, then
0o 20
IG5[f]llo < B sup / / k(z, Z(s,2')) e~ Jo MBENTuZ 2 ds g gy

z€[0,20]

- j / / e fot AB(Z(s,2")+1(Z(s,2")) ds g1 1
20
00

Now, we consider only the first summand on the right-hand side and assume the kernel
k is scalable, i.c., k(z,2/) = 2 @(j) with |||, < oo, then

00 20

ZG[O zo] 0

00 20

<28 |0, // e o NPT IZ N b g1 gy,

We have the following lower bound for the second factor in the integral:

o Jy AB(Z(s,2))+1(Z(s,2)) ds o tOHBHE) S

for all ¢ > 0. Therefore, we do not even have boundedness of the operator G5 in
general.

In this section, we consider the specific example of logistic plasmid reproduction rate,
constant cell division and death rate, and a scalable segregation kernel. Therefore, we
replace Assumptions (A1’) to (A4’) with the following:

(A5’) b(z) = z(zo—z)forzo>0 by > 0.
(A6’) [ is constant with 0 < 5 < 0.
(A7) p is constant with 0 < p < 0.

(A8’) The kernel k is scalable and the function ® satisfies: ®(§) = ®(1 — &) for all
¢ €[0,1], ® € L=([0,1]), and Jy D(¢) d¢ = 1.
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3 Vertical gene transfer of plasmids

Under these assumptions, the eigenproblem associated with the singular VGT model
(3.18) is given by:

(B UG)), =~ B+ -+ NU(:) +28 [ 05 () a2
; (3.22)

lim b(2)U(z) =0, U(z) >0 forall z € (0, z), /ZOL{(Z) dz = 1.
0

z—0Tt

In the special case of constant cell division and death rate, we can give the eigenvalue
explicitly (see [74, Corollary 3.3]).

Lemma 3.21. In the case of constant cell division and death rate, i.e., B and p are
constant, there is an integrable solution to the eigenproblem associated with (3.18) only

ifA=p—pu.

Proof. The proof follows the proof of [74, Corollary 3.3].
Consider equation (3.18) with 8 and p constant, i.e.,

20

Bru(z, 1) + 8. (b(2) u(z,t)) = — (B + pwulz,t) + B / k(z, ) u( 0 d,  (3.23)

z

and assume there is a function U € L'((0, z9)) and a A € C such that u(z,t) = eMU(z).
Then, (A, U) is a solution to the eigenproblem associated with (3.18).

Note that here we do not make any assumptions on the kernel k& except for the
consistency condition that we always assume to hold (see the derivation of the model,
section 3.1.2). In particular, k& need not be a scalable kernel.

Since U € L'((0,2p)), u(z,t) is integrable over z for all finite . Therefore, we can
integrate (3.23) over z from 0 to z;. We obtain

20 20 20

jtfu(z’t) dz = —(B+ p) /u(z, t) dz + 5//l<:(z, (2, t) d2'dz.

Interchanging the order of integration in the last term, we obtain

I6; 771{:(2, Nu(Zt)d2'dz = 8 77k(z, 2V dzu(Z t)dz =23 7u(z’, t) dt.
0z 00 0

Overall,

20

u(z, t)dz—i-ZB/ 2 t)

&‘Q‘

/ =—(B+p)

o
o\
Q

Hence, every solution of the form wu(z,t) = eMU(z) with U € L((0,2)) satisfies
A=p—p. O
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3.3 Analysis of the singular vertical gene transfer model

Remark 3.22. For constant 5 and p we know A but for non-constant 8 and p we do
not. In general, it is non-trivial to determine A. Furthermore, we do not (yet) know
if there is a solution U to the eigenproblem (3.22). We aim at showing existence of
an eigenfunction and ideally would like our approach to be extendable to the case of
non-constant 5 and p. Therefore, we do not use the fact that we already know X in
the following. Moreover, we hope to gain a better understanding of the model in this
way.

Similarly to the spectral analysis of the regular VGT model (see Section 3.2.2), we
rescale the eigensolution U.

Lemma 3.23. There is a solution (A, U) with U € C'((0,2)) to the eigenproblem
(3.22) if and only if there is a solution (\,v) with v € C*((0, z0)) to

MANRET ETIIC N 2(3) ol
(2) + 7= /(

b 2z )7 (%0 /) (3.24)
20 v(z)

. _ > TN = 1
ZIE(I)L v(z) =0, wv(z)>0 forall z € (0,2), /0 b(2) dz =1

Proof. It (A, U) with U € C'((0, 29)) is a solution to (3.22), then (A, v) with v(z) :=
b(z)U(z) € CH(0, zg)) is a solution to (3.24).

Likewise, if (A, v) is a solution to (3.24), then define U(z) := Z((j)) U is well-defined
for z € (0,29) as b(z) # 0 for z € (0,20), U € C'((0,2)), and (A, U) is a solution to
(3.22). O

For the sake of brevity, we define

AN+ B+ 28
—— and qp:=
bo by
Note that a corresponds to a(A, z) that we defined for spectral analysis in the case of
the regular VGT model. If A = 8 — pu, then a = «y.

a=a(A) =

Ezample 3.24. In the case ®(£) = 1 for all £ € [0, 1], i.e., uniform plasmid segregation,
one can explicitly compute that U(z) = Cz=%(z9 — 2)* ! with C > 0, A = 8 — p, and
a = o is a solution to (3.22) [74]. Therefore, by Lemma 3.23, v(z) = b(z)U(z) =
C Z—g 2172 (29 — 2)* is a solution to (3.24).

This example motivates another rescaling of the solution v to (3.24).

Lemma 3.25. If there is a solution (a, g) with g € C°((0, 20]) NC((0, z0)) to

0+ Ta) = [o(2) 6 ooy a2

20

g(z0) =1, limo+ g(2) =0, g(2) >0 for all z € (0, z), /
zZ—
0

«

(20 — 2)* g(2)

b(2)

dz < 00,

(3.25)
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3 Vertical gene transfer of plasmids

then (A\,v) with A := aby — f — p and v(z) := C (29 — 2)* g(2) for some C > 0 is a
solution to (3.24) with v € C*((0, zp)).

Remark 3.26. In Lemma 3.25 we do not have equivalence as there can only be a function
g with v(z) = C (20 — 2)* g(2) and g(z0) = 1 if v(z) ~ (20 — 2)* at zp, i.e., if v behaves
like (29 — 2)® at 2z (see Definition 2.6). Otherwise, it holds that either g(zp) = 0 or

lim g(z) = 0.
2=z
In Lemma 3.23, we had equivalence because we can simply rescale the solution ¢/ to

(3.22) to obtain a solution v to (3.24) and vice versa. However, in Lemma 3.25, we do
not just rescale but we assume that the solution v satisfies v(z) ~ (29 — 2)* at 2y, i.e.,
v behaves like (29 — 2)® near z(, and then obtain a solution ¢ to (3.25). If the function
v does not satisfy this assumption, then it is not possible to find a solution g to (3.25)
that satisfies g(zp) = 1 and therefore we do not have equivalence.

By Example 3.24 we know that at least for & =1, v(2) ~ (29 — 2)* at z.

Proof. Define v(z) := (29 — 2)*g(2). As g is a solution to (3.25),
V(2) = g'(2) (20 — 2)" + g(2) @ (20 — 2)*7 (= 1)

=<%—ZW<—39@%+(MMO7®(2)@32@0—zw1g@3@j

20— 2)*J z'
- )
B Qa2 7 (I)(f) v(2') ,
= _Z(T_Z)v(z) +a0zo/(2')2(20—2/) dz'.

z

Therefore, v is a solution to the PDE in (3.24). It is straightforward to check that v
satisfies all conditions in (3.24), therefore (A, v) with A = aby — 8 — p is a solution to
(3.24). O

For now, we consider the integro-differential equation for g in (3.25) together with
g(z0) = 1, i.e., we omit the conditions lir(l)rl+g(z) =0, g(z) > 0 for all z € (0, z), and
z—

the integral condition:
(6] Qp 2o z _ _
"(2) + — Z:/<I><>z’2z—z'°‘1 2N dy
I+ S0 = o [o(5) (0 ) -
g(z0) = 1.

In the following lemma we show existence of a solution g to (3.26). We use this lemma
later both in the proof of existence of a solution to the eigenproblem (3.22) and for the
numerical construction of the eigensolution (see Section 3.4).

Lemma 3.27. For every a > 0 there exists a unique solution g € C°((0, zo])NC*((0, 20))
to (3.26).
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3.3 Analysis of the singular vertical gene transfer model

Proof. Let o > 0. Variation of parameters yields for 2 € (0, z9] the solution

z

xT 0
[ ot [o(5) &0 o)t glh) adelo S Tz 41
20

. /
20— 2)° ) z

T 20
_ @ %o ? 3 z n-—2 _ JNa—1 / / @a
o /(zo—z> /©<z’>(z) (20 = ) g(z)dzdz+<x).
20 z

Let I; := (29/x)* and consider for a € (0, z9) the operator T : C°([a, z0]) — C°([a, 20])
defined by

T

Tlg](x) := @0 %0 / ( : >a 7<I><Z> ()72 (2 — 2> g(¥)) d2'dz.

i 20— 2 z!
20

Hence, g(z) = T[g](x) + I (). On [a, 2] for a € (0, z9) and for a # 1, T is a bounded

operator as
x 20
z 1 1
/ <z0 — z) 22 /(ZO — )T dz
20 z

T

67

1910

z€a,zo]

_ Qo 20 a

100l ey sup | [ 222 d| gl
z€[a,zo %
Qo 20 -« a—1 a—1
= —|P||; sup Y|z — z e |
oo 17 12le=ony sup o] ol
. (%)) 20 20 -
= m H(I)HLOO([O,H) o (a) ‘ 19/l -
It holds that
lim |22 — (zof —0
a—zy a a .

Therefore, there exists some ¢ € (0, zp) such that 7" is a contraction on [zg — &, 2]
Furthermore, I; is bounded on [z —¢, zp]. Hence, by the Banach Fixed Point Theorem,
there is a unique continuous solution g : [z — €, 2] — R of (3.26). The case a = 1 can
be handled analogously.

We construct a continuously differentiable solution iteratively: assume we already
have a unique continuous solution ¢ : [a, 2] — R on [a, 20| for some a € (0, z5). By
variation of parameters, for x € (0, al,

20

gla) = e Jo 2 l/ ( o ZO)Q / cI>(Z> (2)72 (20 — 22 g(z') d' e 297 dz + g(a)

20— % z!

Qo 20 [ < o < n—2 Nna—1 / /
pr— @ h— -
s a/<20—2> Z/ (z’) (27" (20— 2 g(2) dZ' dz
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3 Vertical gene transfer of plasmids

(L Ta(3) ot (2 oo

e 20— 2 2!

Denote the second summand by I5(x) and the third summand by I3(x). We consider
for some & € (0,a) the operator T, : C'([a — d,a]) — C'([a — 4, a]) given by

Tlale) = 202 [ (=2 [o(2) () - ) o)

e 20— 2 z!

such that g(z) = T,[g](z) + Lx(x) + I3(x) for x < a. Analogously to before, for
z € a—0d,a] and o # 1,

T a

z w1
a/(zo—z> ?/(zo—z’)a_1 dz dz

«

HTG[Q]HOO < ap 2o ||q)||Loo([0’1D sup =

z€la—¥,a) )
Hg|[a—6,a] o
Qo 20 —a r a—
S 1@l oo,y SUP @ /Z 2 dz ‘gl[a—&a] -
z€la—6,a] o
Qg 2o a\* a
= m\@”mqo,u) xe?;{%a} (x> - Hg‘[afé,a} -
Qp 2o a \* a
~ala—1la ) (a - 5) Ca—0 tha*‘;’“] o0
Furthermore,
d o Qg 2o T o\ f x 9 o—1
gl = (=5) Tlal) + 52 (L5 ) [o(5) 602 o= o)

and for x € [a — 0, al,

d o
i) < 725 Il oo 20 10l on sl
1 @ nN—2 / —1 /
max -———— z zo— 2 )% d2.
z€la—6,a] (ZO — l‘)a /ac ( ) ( 0 )
Because of
1 ¢ =2 Na—1 7.1
max ——— z zo— 2 ) dz
z€la—6,a] (Zo — I)a /z ( ) ( 0 )
1 1 i Nna—1
_ (6] d !
= (a—02 (2 —a) velabal x/(zo ') z
1 1 1

T (@—062 (z0—a) a I (<Z° — o) = (- a>a>
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3.3 Analysis of the singular vertical gene transfer model

(o _1 8)2 (z E a)® ;((ZO ~(@=9)" = (0~ a)"),

and a € (0, zg) it holds that for § € (0, a) sufficiently small

4
dz

Tulg] H

HTa[Q]Hm([af&,a]) = max {HTa[g]Hoo7 ’ } < HgHCl([afé,a])'

o

Hence, T, is a contraction on [a — 9, a]. The inhomogeneities I, and I3 are bounded on

By Banach’s Fixed Point Theorem, there is a unique solution ¢g; € C'([a — 4, a]) with
g1(a) = g(a) and hence there is a solution g € C%([a — 6, 29]) N C'([a — J, a]) of (3.26).
The case a = 1 is again analogous to the case a # 1.

Proceeding iteratively, we can construct a unique solution g € C°((0, zo]) N C*((0, a])
of (3.26) for every o > 0 and since a € (0, zo) arbitrary, g € C°((0, z0]) N C*((0, 29)) for
every a > (. [

Qg 20

112l < 5 < 00.

The proof of Lemma 3.27 gives a method to iteratively construct a solution to (3.26).
This solution can then be rescaled to obtain a solution for the eigenproblem (3.22) (see
Section 3.4).

Note that Lemma 3.27 gives existence of a solution for a > 0, i.e., for A > — (8 + p).
We expect that there is a unique A > — (f + ) and therefore a unique o > 0 for
which the function g(z) satisfies the previously omitted conditions Zl_i}r(% g(z) = 0 and
g(z) > 0.

If « <0, then A < —(8 4+ 1) < 0 and the bacterial population goes extinct. We are
interested in finding a non-trivial asymptotic solution, therefore in the following, we
consider only the case a > 0.

Now we add again the conditions to equation (3.26) that we have omitted in the
previous lemma and give necessary and sufficient conditions on the parameters of the
model for existence and uniqueness of a solution to (3.25).

Theorem 3.28. There is a unique solution g € C° ((0, z]) N C* ((0, z0)) with g(z) > 0
for z € (0, zo] for (3.25) if and only if

1
= ) d < TR
(0% o, ana g (I)’<O)
- 1
where ®(s) := [u® P(u) du.
0

In the proof of Theorem 3.28, we use the following notation (see for example [7]).
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3 Vertical gene transfer of plasmids

Definition 3.29. The convolution of two L'-functions f, g : [0,00) — R is defined by

(f +9) (1) = [ F() gt =) dr.

For n € N, we define the n-fold convolution of f with g by
(F7xg) (8) = (Fx (D xg)) (1), where (fxg) (t) = g(b).

We prove Theorem 3.28 in steps. Firstly, we derive the conditions on the parameters
given existence of the solution g to (3.25). By rescaling the solution g, we obtain a
function ¢ that satisfies an equation containing n-fold convolutions. This equation can
be simplified with the Laplace transform as the Laplace transform of a convolution is
the product of the Laplace transforms. Then, the boundedness of the Laplace trans-
form yields a first condition on the parameters. The remaining conditions follow from
positivity and boundedness of the Laplace transform.

Secondly, we show that the conditions on the parameters imply the existence of the
unique solution g to (3.25). By Lemma 3.27, we know that there is a unique solution
g to the integro-differential equation in (3.25). It thus remains to show that g satisfies
the integrability condition in (3.25) and is a positive function. To this end, we use the
assumptions on the parameters, the same rescaling as in the first part of the proof,
and the Laplace transform to obtain an iteration formula for the Laplace transform of
g. This iteration formula can be used to extend the Laplace transform. Finally, we
show that the integral condition on g holds using the uniqueness (a.e.) of the inverse
Laplace transform. The positivity condition on g follows via a proof by contradiction.

We now start by assuming that there is a solution g to (3.25) and showing that the
rescaled solution ¢ satisfies an equation containing n-fold convolutions.

Proposition 3.30. If there is a solution g € C°((0,20]) N C* ((0, 20)) to (3.25), then
the function q : R>g — Rs¢ defined by

q(t) = (1 - e_t)a g(z0e™")

satisfies q(0) = 0, Jim q(t) =0, q(t) > 0 for all t > 0, ¢ € C°(]0,0)) N C((0,0)),
there exist M > 0 and a > 0 such that q(t) < Me=* (1 —e ) for allt > 0, and with
O(t) := P(e ") et the following equation holds for every n € N:

aalt) = (1- ) 3 (%) (@ (@) 0

e ) e (222 o

Proof. We rescale g to derive the equation for q.
Assume there is a solution g for (3.25) and let g (z0e™") = e* h(t) or equivalently

g(z) = (%O>a h(—log(Z)). Then h satisfies

(3.27)

h0)=1, lime*h(t) =0, A(t)>0forallt>0, heC([0,00))NC'((0,00)),
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3.3 Analysis of the singular vertical gene transfer model

dz < 00.

7 (20 — 2)* 27 h(—log(2/20))
J b(z)

The integrability condition on g in (3.25) is

7)(20_2)(19(2) dz = 7(20 2% 571 g(2) dz < oo,

2 (20 — 2) /

The integrand is integrable in a neighborhood of zero if and only if® there exist & > 0,
C >0, and a > 0 such that for all 0 < z < ¢ it holds that

g(z) < C 2
Therefore, with the transformation to h and since h € C°([0, 00)) it holds for & that

there exist M > 0, a > 0 such that h(t) < Me~ @+t for all t > 0.
With &(t) := ®(e~*) e~ and the transform o = — log(z'/zy), we obtain
B (t) = (e’o‘tg(zoe’t)) = —ae "g(z0e") + e g (20e7") (—20¢7)

(a1t | & ¢
7206_,59(206 )

=@ i()l)a /(i)(t o) h(e) e (1 — =)L do
_ _Q(Gta_o 1)a /(i)(t — 0') h(U) ddg<eg _ 1)04 do

Therefore,

We use n-fold convolutions and the notation from Definition 3.29 to rewrite the equa-
tion for h as

(e =1)"W(t) = —% (ci)*l * (h(s) zs (ef — 1)a>> (t).

51t holds that [, 1 g(z)dz < oo for all £ € (0, 29). Let € € (0,min{z9,1}), C > 0, and assume that for
all @ > 0 it holds that g(z) > Cz® on (0,¢), then g(z) > hrng Cz® = C'sgn(z), where sgn denotes
a—

the sign function, i.e., sgn(z) = 1 for z > 0, sgn(0) = 0, and sgn(z) = —1 for z < 0. Therefore,
06 1g(2)dz > C’fos 1 dz = oo which is a contradiction to the integrability of 1 g(z). Hence, there

exist a > 0 and C' > 0 such that g(z) < Cz® for all z € (0,¢).
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3 Vertical gene transfer of plasmids

Thus, we obtain

ht) jt( ) ey (O(‘f)k (é*k ; (js[(es _ e h(s)D) )

k=0

Therefore,

ah(t) (¢ =1) = (1) i (C;())k (cﬁ*k x <js [(e® —1)° h@)})) (t)

k=0

Now let g(t) := h(t) (e! — 1), then ¢ satisfies
q(0) =0, Jim qt)=0, q(t)>0forallt>0, qecC°0,00))NC(0,00)),
there exist M > 0 and a > 0 such that ¢(t) < Me™™ (1 - e_t>a for all ¢ > 0.

By (3.28), ¢ satisfies

This finishes the proof. n

The function ¢ satisfies equation (3.27) which contains n-fold convolutions. As a con-
volution is transformed into a multiplication under the Laplace transform (see Lemma
2.15(d)), we simplify (3.27) by taking the Laplace transform.

66



3.3 Analysis of the singular vertical gene transfer model

Proposition 3.31. Assume there is a solution g € C°((0, 29]) N C* ((0, 20)) to (3. 25)
define the function q as in Proposition 3.30, and denote ilts Laplace transform by ¢
Then, ¢ : R — R satisfies

4(s) >0 forall s >0, §eC>([0,00)),
and for everyn € N and s > 0,

a—ag® s—i—n n s—l—k—l)—a%—ao&)(s—l—k’—l)

[1

a—ozo@ Pl s+ k

(s +n) = d(s) . (329)

- 1
where ®(s) := [u® P(u) du.
0

Furthermore, it holds that cg < a.

Proof. The Laplace transforms £{q(t)}(s) and E{f‘%ﬂ}(s) exist for R(s) > 0 as there
are M > 0 and a > 0 such that ¢(t) < M e~ (1—e~ ") for all ¢ > 0 by Proposition 3.30.
We ultimately aim at proving Theorem 3.28. To do so, it suffices to consider the
Laplace transforms only on the real axis. Therefore, for the remainder of this proof we
let s € R.
Denote by ¢(s) the Laplace transform of ¢(¢) and
00 1
d(s) := ,C{Ci)(t)}(s) = /B_Stq)(e_t) e tdt = /us O (u) du,
0

0

L{q(t)}(s) = s4(s) — lim q(z) = s4(s),

z—0t
for s > 0. Note that ® has the following properties
. . 1 . . .
®0)=1, ¢(1)= 3 P'(s) <0 Vs >0, lim ®(s) =0, ®(s) € (0,1) Vs € (0,00).

These properties are a direct consequence of the properties of ®. Taking the Laplace
transform of equation (3.27) yields for s > 0,

@i(s) = 3 (2 #sals) = 3 (2 Bs+ 1) s+ )l + 1

:(O(;O é(s))mc f‘_q(i ()= (22 8(s + 1>)n+1£{1a_q@t}<8+1>
= ?fé8<)3;+_11_18@<3>‘< ?é<s+)1):ﬂ_1($“ Jit
4 O;f’ci)(s))"Hc 10‘_‘1(2t}(s)— (O;f { }s+1>

(3.30)

As the functions ¢ and aq( Y are integrable (for & > 0) and non-negative, their Laplace

transforms §(s) and E{l_—e,t}(s) are bounded and positive for s > 0. Moreover,
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3 Vertical gene transfer of plasmids

®(0) = 1 and ®(s) < 1 for s > 0 and therefore the inequality oy < «a follows by
contradiction:
Assume oy > «, then there are 0 < s < 5 such that %Ci)(s) > 1 and %@(sqL 1) <1 for
all s € [s,35]. Hence, for s € [s,3] the first and third summand in (3.30) are increasing
in n € N and tending to infinity for n — oo, while the second and fourth summand
remain bounded for all n € N. This is a contradiction to the boundedness of §(s) for
all s > 0 and all n € N (which follows directly from ¢ being a solution to (3.25) and
the definitions of ¢ and ¢ respectively), therefore, oy < av.

Taking the limit n — oo in (3.30) yields, because of ay < o and ®(s) < 1 for s > 0,

0 d(s) = scj(Ns) (s 12 G(s+1)
1—ag®(s)/a 1—ay®P(s+1)/a

(3.31)

We rearrange the terms in equation (3.31) to obtain

1—ay®(s+1)/a (1_&05 )

s+1 d(s)/a e
(1= 0o ®(s+1)/a) (s — a+ag®(s))
(s+1) (1 - ag®(s)/a)
(a —ap (s + 1)) (s —a+ap i)(s))
(s+1) (a — ap (f(s)) '

By iteration, we obtain equation (3.29), i.e., for n € N, s > 0, and «ap < a,

q(s +1) = 4(s)

q(s)

q(s)

. o a—oagP(s+n) (s+k—1)—a+a®(s+k—1)
als+n) =d(s) o — ag D(s) s+k

=E

As ¢ >0, 4(s) > 0 forall s >0 and § € C>([0,00)) as ¢ is of bounded exponential
growth (see Lemma 2.15(c)). O

We can now finish the first part of the proof of Theorem 3.28 by deriving the re-
maining conditions on «, ap, and the plasmid segregation kernel ® in the following
proposition.

Proposition 3.32. If ag < « and there is a positive function § € C*([0,00)) which
satisfies (3.29), then

1
a=aqay and g < —=

®'(0)

Proof. The function ¢ is determined by @‘(0,1] and (3.29) with s € (0,1] and n € N.
By positivity of §, |, > 0 and all factors on the right-hand side of (3.29) are

positive. As ap < o and ®(s) < 1 for s > 0, we obtain for the second factor on the
right-hand side of (3.29) and for s > 0

o — ag®(s + n)

0< N
a — ap®(s)

< oo forall se (0,1 and n € N.
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3.3 Analysis of the singular vertical gene transfer model

By positivity of the denominator of the third term on the right-hand side of (3.29), we
obtain the following condition for the numerator: for all k¥ € N and s € (0, 1]

(s+k—1)—a+ay®(s+k—1)>0
sa<s+k—1+a®(s+k—1)= fls+k—1).

This inequality can only hold if f(x) > f(0) = o for all > 0, because otherwise it
would contradict o > ap. Therefore, we need f/(0) > 0.

f@) =1+ap®(@)  and  f'(2) = (),

where
' (z) = /log(u) u® ®(u) du < 0 and " (x) = /(log(u))2u”" D (u) du > 0.

If f/(0) > 0, then it follows because of f”(x) > 0 for all x > 0 that f'(z) > 0 for all
x> 0.

1
&(0)

f(0) >0 ifand only if ag <

Therefore, —a + ap®(s +k — 1) + s+ k —1 > 0 holds for all k € N and s € (0,1] if
- -1
a<a < — (CD’(O)) since o < f(x) for all x > 0 and, in particular, due to continuity

of f we have that o < f(0) = ag. Together with the condition ay < «, we have the
following necessary conditions for positivity:

a=qap and o< — ((i)’(()))_l .

In the following we use a = «y.
- -1
It remains show that oy < — (<I>’ (O)) .
The function § is continuous. In particular, | (0,1] 18 continuous and ¢ (n) is continuous
at n € N, ie.,
G(n) = lim g(n + s) for all n € N.

s—0t

Using (3.29) and continuity of ®, yields for n = 1,

) ) 1—&3(5—1—1) —040—1—040(;@(5)—1—5
lim ¢ 1) = lim ¢ =
A e = I 1

- . . —op+ ao‘i(s) t+s
= a(0) (1= (1)) Jim —— b(s)

With L’Hoépital’s rule,

— ® 1-9 1
lim + a0 (s) +5 = lim (—ap) = (s) + S = -0+ —=——.
50+ 1—®(s) s—0F 1—-®(s) 1—®(s) —/(0)
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3 Vertical gene transfer of plasmids

Therefore,

This finishes the proof. O

We have now finished the first part of the proof. Thus, we proceed to the second
part, i.e., we show that the conditions on the parameters imply existence and unique-
ness of a positive solution g to (3.25). To this end, we use the same rescalings and
transformations as in the previous propositions.

N -1
Proposition 3.33. Let a = ag and oy < — (@’(0)) . Then, there exists a unique

solution g € C°((0,20]) NC((0, 20)) to (3.26). There is a C > 0 such that the function
G defined as in Propositions 3.30 and 3.31 is holomorphic for s € C with R(s) > C
and satisfies for alln € N and s € C with R(s) > C,

1-®(s+n) & (s+k—1)—a+ad(s+k—1)
1—®(s) 5 s+ k '

q(s +n) = q(s) (3.32)

Furthermore, for all s € C with R(s) > C and all n € N it holds that §(s) # 0,
1—®(s+n)#0, and f(s) :=s—a+ad(s) #0.

-1
Proof. Let @ = ag and oy < — ( '(0) ) . By Lemma 3.27, we know that a unique
r(

solution g € C°((0, 2]) NC((0, 20)) for (3.26) exists. Using the same rescahng as in the
proof of Proposition 3.30, i.e., g(z) = (ZO) (—log ) and h(t) = e g(zpe™"), we

z

obtain a solution h € C°([0,00)) N C'((0,00)) for

—/é(t — ) h(o) w do and  h(0)=1, (3.33)

where (f(t) = ®(e ") e '. We want to apply the Laplace transform to the function ¢
that again defined as in the proof of Proposition 3.30 by q(t) = h(t) (¢! — 1)®. There-
fore, we show that the Laplace transforms of ¢(f) and &(t)t exist by applying the
Gronwall-Bellman inequality (see Lemma 2.7) to the functlon |h].

Renaming t to 7 and integrating (3.33) over 7 from 0 to ¢ yields

h(t) — O/t/Ti) T—0) d‘zéf—_l)l) dodr,
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3.3 Analysis of the singular vertical gene transfer model

= O//CE (e(f __1)1> dodr.

We take the absolute value and interchange the order of the integration,

WOl <1+ [ [ =0) [ho)] 2215~

G~ dod
(em — 1) 7

Ih(t)] < 1+0//<i><7— o) (e" — 1)° dedO(eo — 1) |h(0)| do.

Define B(o,t) == [l ®(r—0) (7 — 1) dr-L(e” — 1), In order to apply the Gronwall-
Bellman inequality, B must not depend on ¢t. As B is increasing in t, we estimate

B(a,t)g/&?(T—a)(eT—l) o dfddg(e — 1)

o Ot—l
§||<I)HLOO([01]/ g dre’ ae’ (e7 — 1)

We want this upper bound for B to be integrable as otherwise the Gronwall-Bellman
inequality gives the estimate |h(t)| < 0o, i.e., we want the following integral to be finite

t oo
_1a1 _// _1a1
O/U/ N dr ae® (e do ae® (e da< _1) dr

oot
+//ae e’ —1)0‘1d07d7'.
/1 e

Using that with the transformation x = e yields

et

O/toze% (e7 — 1)0‘—1 do = /ax (z — 1)a—1 dr — [(x — 12:_|(_a1x i 1)EEt

1

_ai1<et—1)a(aet+l).

Thus, we obtain for (3.34),
t oo
// S drae® (ef — 1) do
0 o

1 - 1 7
= /oH—erT—I— (e—l ae +1 /
a+10 a+1 /

[e.e]

< aa_{:]_ + ail [_6—7'}:224_ _]{;1 (6 —|—1) (Ozet—f—l) (et_1>_a/@_7 dr

t
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3 Vertical gene transfer of plasmids

at+1—et a+e? at+a+l
+ = .
a+1 a+1 a+1

We estimate
t o]
ROV < 1+ [1@mon [ (e dr e (€ = 17 [h(o)] do
0 o

and therefore the Gronwall-Bellman inequality yields for ¢ > 0

¢ © _eTT 20 (oo 1)1 at+atl
|h(t)| S efo ”(I)“LOO([OJ]) fg [CE dr ae (e l)a do S GH(I)”LOO([OJ]) atil — 0650t7

where C := el > 0 and sy := [Pl o 0,1y /(@ + 1) > 0.
With the transformation q(t) = h(t) (! — 1), we obtain for all ¢ > 0 that

()] (e = 1) " < Cet.
Therefore,
lq(t)] < Ce (et — 1)a = Clelsote)t (1 - e—t)a < Clelsotat

and it follows that both the Laplace transform §(s) of ¢(¢) and the Laplace transform

of f_qe(f)t exist for R(s) > syg + a. Furthermore, ¢ satisfies equation (3.27).
Now, we can take the Laplace transform of equation (3.27) and obtain for all s € C
with R(s) > sp + «,

1 — dntl(s) 1— (s 41)

“d) =50 1T T e

+ 6" (s) £ { = (-’(t)t} (s) — " (s + 1)L { f‘q@t } (s +1).

(s+1)4(s+1)

— e~

As in the proof of Proposition 3.31, we can now take the limit n — oo because we
know that ‘@(s)‘ < ®(R(s)) < 1 for RN(s) > sp + a > 0. Recursively, we obtain (3.32),
i.e., for all n € N and s € C with R(s) > s + a,

. o 1-d s+n - s+k—1)—a+a<1>(s—|—k—1)
R O ! n
The Laplace transform § of ¢ is analytic, i.e., holomorphic, on R(s) > s+ «. We know
by Lemma 3.27 that g(zp) = 1 and g € C°((0, 20]) N C*((0, zp)). Therefore, there is a
set of positive measure where ¢ is strictly positive.

If there is a s € C with R(s) > so + « and §(s) = 0, then (s +n) =0 for alln € N
by (3.32). Hence, § vanishes on a sequence of equidistant points along a line parallel
to the real axis, therefore ¢ = 0 a.e. by Theorem 2.17. This is a contradiction to ¢ > 0
on a set of positive measure. Therefore, §(s) # 0 for s € C with R(s) > so + a.

In particular, due to (3.32) it also follows that for all s € C with R(s) > sg + « and
for all n € N that 1 — ®(s +n) # 0, and f(s) := s — a + ad(s) # 0. O
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3.3 Analysis of the singular vertical gene transfer model

We use now the iteration formula (3.32) to extend the function §.

- -1
Proposition 3.34. If a = ap and oy < — (CID’(O)) , then there exists an € > 0
such that the function ¢ defined in Propositions 3.30 and 3.31 can be extended to a
holomorphic function ¢* on the half-plane R(s) > —e.

Proof. By Proposition 3.33, there is a C' > 0 such that for all s € C with %(s) > C the
function §(s) is holomorphic, § satisfies (3.32) for alln € N, ¢(s) #0, 1 = ®(s+n) # 0
for all n € N, and f(s) := s —a + a ®(s) # 0.

As 4(s) # 0 for s € C with R(s) > C, we can write equivalently to (3.32) for
R(s) > C

1 s+ k

Q(s):@(s—i—n)l_ s+n 1;[ (s+k—1)—a+a®(s+k—1) (3:35)

We use (3.35) to construct an extension of ¢ to s € C with £(s) > —e for some € > 0.

Let m > [C' + 2|, where [z] denotes the ceiling function that maps x to the least
integer greater than or equal to z. First, we show that the right-hand side of (3.35) is
well-defined, i.e., that 1—®(s+n) # 0 and f(s+k—1) := (s+k—1)—ata ®(s+k—1) # 0
for all s € C with R(s) > —¢, k € N, for some ¢ > 0, and for n = m.

By the choice of m we already know that 1 — ®(s +m) # 0 for all s € C with
R(s) > —1. It remains to show that f(z) # 0 for R(z) > —e. With z = a + b for
a>—1and b€ R,

fz)=2z—a+ad(z) = a—i—ib—oz—l—a/u“”bq)(u) du
=a—a+ib+a« / u(cos(blog(u)) + isin(blog(u)))®(u) du

=a—a-+ a/ua cos(blog(u))®(u) du + 1 (b + oz/u“ sin(blog(u))®(u) du) .

As f(z) = 0 if and only if R(f(z)) = 0 and I(f(z)) = 0 we are searching for a, b € R
satisfying both

fi(a,b) :== [ u®cos(blog(u))®(u) du + % =1 and

fa(a,b) := [ u®sin(blog(u))®(u) du + é Lo

S O~ _

We see that (a,b) is a solution to fi(a,b) =1 and fa(a,b) = 0 if and only if (a, —b) is
a solution. Therefore, it suffices to consider b > 0.
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3 Vertical gene transfer of plasmids

For b = 0, it holds that fy(a,0) = 0 for all @ € R. The partial derivative of f, w.r.t.
b is

Opfa(a,b) = /ua cos(blog(u)) log(u) ®(u) du + ;,
Opfa(a,0) = /u“ log(u) ®(u) du + ; = d'(a) + ;.

The function @’ is negative and strictly increasing (this follows directly from the prop-
erties of @, see proofs of Propositions 3.31 and 3.32). As 0 < a < —1/®'(0) there is an
[ < 0 such that o = —1/®'(l) by continuity of ®’. Hence,

Dy fa(a,0) = ¥ (a) —d'(1) >0
if and only if @ > (. For b > 0,

Opfa(a,b) = [ u®cos(blog(u)) log(u) ®(u) du — P'(1)

—

/log(u) O (u) (u“ cos(blog(u)) — ul) du.

For u € (0,1), log(u) < 0, ®(u) > 0, and
u® cos(blog(u)) —u' <u® —u' <0

if a > . Therefore, for a > I, O, f2(a,b) > 0 for all b > 0 and 0, f2(a,0) > 0, i.e., there
cannot be a solution to fy(a,b) = 0 other than b = 0. If b = 0, then we are looking
for a real solution to f(s) = s — a4+ a®(s) = 0. In this case we know that s = 0 is a
solution. Moreover, f'(s) > 0 for s > 0, f'(s) = 1+ a ®(s) = 0 if and only if s = [ by
definition of [, and f”(s) > 0 for all s € R. Therefore, f(s) < 0 for s € (/,0) and the
only solution to f(s) =0 in ({,00) is s = 0.

Define ¢ := min{—[,1}/2, then f(z) = 0 only for z = 0 and f(z) # 0 for all z € C
with z # 0 and R(z) > —e.

We rewrite (3.35) with n = m, where m > [C' + 2],

q(s)ZQ(s+m)(s+1) 1—d(s) ﬁ s+k

1-®(s+m) s—a+ad(s)py(s+hk—1)—at+ad(s+k—1)

. (3.36)

For s € C\ {0} with R(s) > —¢ the expression on the right-hand side is holomorphic
as a product of holomorphic functions. The function ¢ is holomorphic as it is the
Laplace transform of ¢ and the fact that @ is holomorphic is easily checked using the
definition of ®. With L'Hopital’s rule for analytic functions of a complex variable (see,
e.g., [106, Theorem 3.3]),

, 1—d(z2) , —9'(2) —'(0)
lim < = lim = = - ,
=0z —a+ad(z) =01+ad(z) 1+ ad(0)
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3.3 Analysis of the singular vertical gene transfer model

which is finite by the assumption o > —1/®’(0). Therefore, the right-hand side of
(3.36) is holomorphically extendable to z = 0 by the Riemann removable singularities
theorem (see, e.g., [42, Theorem 4.1.1]) and the following extension of § is holomorphic,

for s € C with R(s) > —e,

G(s+m)(s+1)  1-3(s) 17 stk
L=®(s+m) s—a+ad(s) ,};IQ (stk—1)—atad(stk—1) , for N(s) € [—e,m] and s # 0,
§*(s) = (m) ~(0) 17 k _
E (8) B —&(m) 1+ad’(0) k:l;[2 (k—1)—atad(k—1)’ for s = O,

c.?(s), for R(s) > m

O

We are now ready to gather the results of Propositions 3.30 to 3.34 and finish the
proof of Theorem 3.28.

Proof of Theorem 3.28.

Step 1: From the solution g to the conditions on the parameters.
Assume there is a solution g € C°((0, zo]) NC'((0, z)) for (3.25), then Propositions 3.30
to 3.32 directly give the conditions on o and .

Step 2: From the conditions on the parameters to the unique solution g.
Lemma 3.27 gives existence of a unique solution g € C°((0, z]) N C*((0, z0)) to (3.26).
It remains show that the solution g to (3.26) is also a solution to (3.25), i.e., that ¢
satisfies

lim g(z) =0, g¢g(z) >0 forall z € (0, z), and/ ZO_Z dz<oo.

z—07t

In the following, we use Propositions 3.33 and 3.34, take the inverse Laplace trans-
form of ¢*, L7{§*(s)}(t) =: ¢*(t), and show that q(t) = ¢*(¢) for a.e. t > 0.
If

lim ¢*(s) =0 and hmsq()<oo,

5§—00 S§—00

then the inverse Laplace transform ¢* of §* exists (see Lemma 2.19). We know that

0= lim ¢(t) = lim s4q(s),

t—0+ §—00

by Theorem 2.16, and for s € C with R(s) > —¢ and |s| > 6 > 0 and for m := [C' + 2],

1_

7"(s) = g(s +m
73 = i+ m) g O T

s+k
(s+k—1)—a+a®s+k—1)

Since

(s)| < B(R(s)) < B(—¢) < o0
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3 Vertical gene transfer of plasmids

and for all k € N, k <m, and all |s] >§ >0

s+k B 1+ %
s+k—1—a+ad®(s+k—1) 14 kloa | adl+kl)

s

< 00,

it holds that ¢*(s) = h(s) (s + m) for some function h that is bounded for all s € C
with R(s) > —e and |s| > § > 0. Therefore,

Jm sq7(s) =0
and the inverse Laplace transformation ¢* of ¢* exists.
Due to uniqueness of the inverse Laplace transform (see Theorem 2.18), ¢* and ¢ are
a.e. equal. In particular, with q(t) = g(z0e™) (1 — e7)" and the change of variables

2z = zpe

q'(0) = 7q*<t> dt = 7q<t> dt = 7g<z> (1-2) dz

_ o 7g<z> (20— 2)°

z

dz < 00.
0

Therefore, g(z)/z is integrable at z = 0. As g € C°((0, z]) with g(29) = 1 there are
0 > 0 and a ¢ > 0 such that

9(2) (20 — 2) SC(ZO_Z) for all z € [z9 — 0, 0],
2 (20 — 2) 20— 2

it holds that % is integrable at z = z5. Hence,

20
9(2) (2 — 2)*
Zlir(%g( z)=0 and 0/b<z>dz<oo.
Step 3: Positivity of the solution g.
The function v(z) := C(zp — 2)“g(z) for some C' > 0 is a solution to (3.24) by Lemma
3.25 and v > 0 if and only if ¢ > 0 on (0, z5). We know that h%l+ v(z) =0, v(z) =0,
zZ—r

and v is positive in a neighborhood of zy as g(zp) = 1 and g is continuous in (0, zo).
With o = vy, integrating (3.24) from z to z, yields

20 ’U(z/) 20 20 (I)
v(z0) —v(z) = _azo/z’(zo—z’dz + a2 // z’) p— dz’dy

By change of variables { = ¥, we obtain

v(z) = az Z)Z/(Z](Z_,)Z/)dZ'—i]/l@(f)dgz/(zszi)Z/)

Z z/z

dz'
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3.3 Analysis of the singular vertical gene transfer model

20 /7

—azn [ [ g

——d7.
)
) 2'(z9 — 2')

Due to continuity of v, v can only be negative if there is a z € (0, 2p) such that
v(z) = 0. Let 2z* € (0, z9) be the largest z € (0, 29) such that v(z) = 0, i.e., v(z) > 0
for all z € (2%, 29). Therefore,

20 2%/2' U(Z/)

* /
U(Z)IQZOZ 0/ @(f)dfmdz
By definition of z*, it holds that

v(Z)

m >0 forall ze (2*720).

Moreover, there is an € > 0 such that for all 2’ € (2*, 2" + ¢)

z*/z

‘/®@ﬁ%>Q

!

Therefore, v(z*) > 0 which is a contradiction to the definition of 2*, v(z*) = 0, therefore
there is no such z* and v(z) > 0 for z € (0,2). Hence, ¢ > 0 and g(z) > 0 for all
z € (0, z).

Overall, we have shown that the unique solution g € C°((0, zo]) NC*((0, 20)) to (3.26)
is also a solution to (3.25) in Step 2. Since every solution to (3.25) is also a solution to
(3.26) the function g is the unique solution to (3.25). Moreover, because of v(z) > 0 for
z € (0,29), v(z) = C (20 — 2)%g(2) with C > 0, and g(zp) = 1 it follows that g(z) > 0
for z € (0, 2] O

So far, we have shown existence and uniqueness of a solution ¢ to (3.25) but we are
interested in a solution to the singular VGT eigenproblem (3.22). Therefore, we rescale
the solution g to obtain an eigensolution ¢ and the following result.

Theorem 3.35. If a = ag and ap < — ((iD’(O))il or equivalently if

23 1
A=p5— i 22—
Ompand <=0

then there exists a solution U € C'((0,29)) to (3.22) with U(z) > 0 for all z € (0, 2).
Moreover, U is the unique solution to (3.22) with U(z) ~ (29 — 2)*~ ! at 2.

Proof. Theorem 3.35 follows directly from Theorem 3.28 using Lemmas 3.23 and 3.25
and Remark 3.26. O
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3 Vertical gene transfer of plasmids

We have shown existence of a solution U to (3.22) and that U(z) ~ (29 — 2)*! at
2p. Thus, we know the behavior of the eigensolution at zy (if it exists) and we have

the following corollary that agrees with the known behavior of eigensolutions at z
(see [74, Corollary 4.19]).

Corollary 3.36. Let the assumptions of Theorem 3.35 hold, then the eigensolution U
to (3.22) satisfies:

(a) If '(0) < —1, then o < 1, d.e., 28 < by, and lim U(z) = .

Z‘)ZO

(b) If ®'(0) > —1 and o = 1, i.e., 28 = by, then there exists a constant C € (0, o0)
such that lim U(z) = C.
2—rzg
(c) If &'(0) > -1 and 1 < a < —(Ci)’(O))_l, i.e., in particular 23 > by, then
lim U(z) = 0.

Z—}ZD

FEzample 3.37. The condition a@ < — (&D’(O))_l in Theorem 3.28, Theorem 3.35, and
Corollary 3.36 gives for different ® the following conditions on a:

(a) For ®(§) =1 for all £ € [0,1], &'(0) = —1, hence a < 1.
Note that in this case we know that the explicit solution is given by U(z) =
C27%(z9 — 2)*! (see Example 3.24). This solution is integrable over [0, zo] if
and only if @ € (0,1) which agrees with the assumption that a > 0 and the

- -1
condition that o < — (QD’(O)) = 1.

(b) For ®(£) = 6£(1 — &), '(0) = —2 hence a < 2.
Therefore, depending on the parameters S and by, the eigensolution can satisfy
either lim U(z) =0, lim U(z) = C € (0,00), or lim U(z) = oo (see Figure 3.10

z2—rzg 2=z 2=z
in Section 3.4 for the numerical construction of eigenfunctions with different
behavior at zp).

(c) For ®(&) =120 (% - 5)2 (1—¢), ®(0) = -3 hence a < 39,

-~
Thus, all eigenfunctions U (defined as in Theorem 3.35) satisfy lim U(z) = oo.

Z‘)ZO

We have shown that if A = 8 —p and % < — (é’(()))_l, then an eigensolution to the
singular VGT model exsits and given examples for the second condition for different
plasmid segregation kernels. We now try to interpret the second condition.

The reproduction of bacteria (modeled by the constant cell division rate ) may not
be too fast compared to the reproduction of plasmids (modeled by b(z) = i’—g z (20— 2))
as we expect otherwise that bacteria lose the plasmid in the long-run. If the plasmid is
lost, then the density u(z,t) converges to a delta distribution at z = 0 and we cannot
find a continuously differentiable eigenfunction. Thus, % should be bounded.
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3.3 Analysis of the singular vertical gene transfer model

For the interpretation of the second part of the condition, note that by the definition
of ® it holds that

50 - ( J(=108(@)) @(a) dx) ,

e., it is the inverse of the weighted plasmid segregation kernel. The weight integrates
to one and gives more weight to plasmid segregation kernels where one daughter cell is
plasmid-free or receives only very few plasmids from the mother cell. Due to symmetry
of the plasmid segregation kernel ®, this means that a plasmid distribution where one
daughter cell receives much more plasmids than the other, i.e., an unequal plasmid
distribution, is weighted higher than an “equal” distribution of plasmids where both

daughters receive approximately the same fraction of plasmids. Therefore, — (i)’ (O)) -
can be interpreted as a measure of how equally the plasmids are distributed to the
daughter cells. For uniform plasmid segregation we obtained the value 1, for a uni-
modal distribution, i.e., a distribution where daughters are more likely to receive about
half of the mother’s plasmids, we obtained a value larger than 1, and for a bimodal
distribution, i.e., an unequal plasmid distribution, we obtained a value smaller than 1
(see Example 3.37).

It still remains to interpret the connection between the cell reproduction compared
to the plasmid reproduction and the plasmid distribution. If the plasmid distribution
is unequal, then there are more daughter cells with only few plasmids and plasmid
reproduction needs to be large compared to cell reproduction in order for the plasmid
not to be lost. In other words, we need 5 to be small. If, however, plasmid distri-
bution is equal, then there are fewer daughters with few plasmids (compared to an
unequal plasmid distribution). In this case, the condition on the connection between
cell reproduction and plasmid reproduction can be relaxed a bit.

This is one possible interpretation of the condition on the parameters. We note
that with this interpretation we have not accounted for the possibility of plasmid
accumulation. If plasmids reproduce much faster than bacteria, then we would expect
that the density u(z,t) converges to a delta distribution at z = zy and we cannot find
an eigenfunction ¢ € C'((0,z)). However, we have no condition saying that 2 needs
to be bounded below for existence of an eigensolution.

In a sense, this suggests that in our model plasmids will not accumulate in the
population and there is no convergence to a delta distribution. This may be due to
the fact that we show existence of an eigensolution U(z) ~ (29 — 2)*~! at z, i.e., an
eigensolution with a prescribed behavior at zy. It may also be due to the assumptions
of the model. By Assumptions (A5’) to (A8’), the plasmid reproduction rate is small
in a neighborhood of z; regardless of whether b, is small or large but the cell division
and death rates are the same for all bacteria. If a plasmid-free bacterium divides, then
its daughters are also plasmid-free but if a bacterium with zy plasmids divides, then
at most one of its daughters also contains zy plasmids. For this reason, we expect that
in our model plasmid-free bacteria grow faster than bacteria with zy plasmids, i.e., if
plasmid-free bacteria do not outgrow plasmid-carrying bacteria, then also bacteria with
2o plasmids do not outgrow plasmid-bearing bacteria. Thus, under these assumptions
we expect that it suffices to control the behavior of the bacteria at z = 0.
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3.3.3 Spectral analysis

We consider the eigenproblem for the singular VGT model with constant cell division
and death rate, scalable plasmid segregation kernel, and logistic plasmid reproduction
as in the previous section, i.e., equation (3.22) with Assumptions (A5’) to (A8’).

As for the regular VGT model (see Section 3.2.2), we let

UeW:={feL'((0.20): (bf) € L'(0,20))}
and consider the operator A : W — L' ((0, 29)) defined by

AIE) = = (6 UE) - B+ U +2B/ o(Z) V(=) d.

Let I be the identity operator. We define for A € C and U € W the operator
Ry : W — LY(0, z)) by

E\[U](z) := (M = A) [U](2)
d :
= SBEUE) + A+ B+ U —25/ o) UG 2.
We want to determine the resolvent set p(A) of A, meaning the set of A\ € C for

which R, is invertible. Let f € L'((0,2)) and U € W, then R,\[U](z) = f(z) if and
only if

d
R UE) +(+ 5+ ) U(z) - 28 / o(Z) UG d = f2). (337)
For A real and large enough, the operator R, is invertible by the following lemma.

Lemma 3.38. If A € R and A > 5 — i, then X € p(A).

Proof. We use the same definitions we used before, i.e., v(z) = b(2) U(2), ap = %, and

A
a = a()) = AtB+p
bo
There is a solution U € W to (3.37) if and only if there is a solution v to
v(z) 7 (I)(f) ()

U,(Z) + QZOW — QLo ! m dZ, = f(Z) (338)
with v € W, = {f eL! ((O 20), (7) f e LY((o, zo))}. With variation of param-
eters and v(0) = 0 (because of 111(1)1+ b(z) U(z) = 0), we obtain

z—

20— 2\ [ z V7 Z)v(#) /
v(z):aozo( z ) O/<z0—x) I/(jf2 (Zo—z’) dzdu

(o) o (G e

0

(3.39)
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3.3 Analysis of the singular vertical gene transfer model

Define the first summand in (3.39) as T': L! <(O, 20), ﬁ) — L} ((O, 20), Z(dii),

20—2)
Tle)(2) = oz (22 / (=) / ( ‘D)(()E)) 4-'ds.

We aim at showing that T is a contraction and thus we estimate,

20

(zo—2)*" 7 o N Fo(s) )]
||T[U]HLl((o,zo),z(Zzz,Z)) < aoZo/ ot 0/ <Zo — x) m/ () (70 — ) dz'dxdz
o] [T (2 O
o0 zo‘“ 20—x/) (2)% (20— 2)

:0‘0//1q>(x) de Vg
a) )2\ 2 (29 — 2')

= H’Ullu ((0,70),

z(z z)) ’

where we have used
20 _ _
/(zg—z)a 1 p { 1 (zg—z)‘”‘r—ZO 1 (zg—m)"‘
_—_— z = _—— = — .
zotl azo z e Q2 x
xT

Hence, T is a contraction for a > ay, i.e., for A > g — p.
We estimate the L' ((O, 20), Z(z‘éz_ Z))—norm of the second summand on the right-hand

side of (3.39) by
(=) [roG=) @
[ 1) (5 ) o

= TZO ”fHLl((o,zO)) .

_
2 (20 — 2)

dz

Therefore, by the Banach Fixed Point Theorem, there is a unique solution v for (3.39)
with v € L ((0, 20), Z(zﬁ’iz)). Furthermore, as the solution v satisfies (3.39) v is differ-
entiable with v’ given by (3.38). Hence,

o(2) FoE)u)
)+a0z0/dz + f(2)| d

2 (20— 2 J ()% (20 — 2')

20

/ J—
1o 0 = |

0

—Q 2y

z0 2
L. (2 [v(z")]
< azp ||U||L1((07ZO)72(2?)Z—2)) +a ZO/./? ®<Z’> 4 m =
00
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3 Vertical gene transfer of plasmids

+ 1l 20,200

= (@ a0) 20 10l 230,200, ) + M 0,207 < 0

this means that v' € L'((0, 29)) and therefore v € W,

Thus, if A € R with A > 8 — u then for every f € L'((0, z)) there is a unique
solution v € W, to (3.24), i.e., there is a unique solution U € W to (3.37). Hence,
Ry exists and is everywhere defined in L'((0, z)), linear, and bounded. Therefore,
A€ p(A). O

Next, we generalize the result of Lemma 3.38 to the case of complex .

Lemma 3.39. If A € C with R(\) > 0 and R(\) > B — p, then X € p(A).

Proof. Let A € C with (\) > 0 and U € W a function which can take complex values.
Define as before v(z) := b(2) U(z), a = ’Hb’% € C, and o = % € R. Note that we
still consider z € [0, 2], i.e., 2 € R. Then, as in the case of real A,

om0 @ IO B

For the sake of brevity, we denote the real part of v, f, and a by vg, fr, and ag,
respectively, and the imaginary part by vr, fr, and «j, respectively. We use v(z) =
vr(z) +ivr(2) and a = ag + iay in (3.40),

vr(z) + ivr(2) 7 ‘I)<§) (vr(2") +ivr(2')
—————— + 2% dz
(2)? (20 — 2')

z

Vh(z) Fivg(2) = — (an +iar) 20—

+ fr(2) +ifi(2).

Next, we separate real and imaginary part and obtain the following equation

d(m@>:_zw(%-ﬂj<ww>
dz \ v(2) z(z0—2) \ ar ag vr(z)

apzg [° €?2/2UR(Z) dz' + fr(2)

z0—2")

' 2zt
a0 20 iy 47+ f1(2)
For the sake of brevity, define
zo P i/)UR(Z,)
— [T Y0 fzo ﬁ dz' + fR(Z)
B(z) := —— ) R J(z2) = &) (z—2")
2(z0—2) \ a; ag ® ﬁ)vf(Z’)
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3.3 Analysis of the singular vertical gene transfer model

Therefore, we can solve (3.40) using variation of parameters (see, e.g., [35, p. 131]),
using v(0) = 0, i.e., vg(0) = 0 and v;(0) = 0,

(2?52) = exp (/ZB(S) ds) /Z(exp (/xB(s) ds))_ J(z) d

0 0 0

= /Zexp (jB(s) ds) J(x) dx.

:jexp(z/méwzjo_s)ds (ZI: :j;)) J(z) du.

With

/Lds:/ids—f_/ dS=10g<$)+10g<ZO Z) zlog M ’
J 5(20—5) J s ) 2 —s z %o — 1 (20 —17)

and

we obtain

N DN
\—/

z Z0—2 .
1 Z(Zo w))

%
( :((zs; ‘(:zs =) %(2“53 4"
sng)® i (de) 1 (eon)® +%(”£<§§ ;’)

The solution by variation of parameter is then given by

vR(z) = O/Z; ((Z((Z:;Da + (M)j (aozo Zm dz’ + fR(Z))
() o ava

oz (20 — 2\¢ ; T a P 3 v(2') ,
+2< . >O/<Zo—$> m/(j)g(zo_zl)dzdx

IES
VS
é’é‘
\i:Z/N
o}
Q
N———

83



3 Vertical gene transfer of plasmids

Y () e (22 [ (5 s

and, analogously,

Y () e (2 [ (5 s

Therefore, variation of parameter yields

0(2) = val2) + s (2) = auzo (25)' / (o) / 5)2;,)@(2')/ 02 d

(Zo —Z)
P () e

This is the same formula as in the case of real A and a but here a € C.
We define the operator T : Ll((o, 20), %) Ny ((0’ 20), z(L) by

20—2 20—2)

Th() = a020<2’02—2>a0/<20_x> /O(Z/)g ZO_Z> d7dx.

Using that

anrib iblog(x) a

:l‘7

b = |x|" |e

‘I

:lx

for z € R5p and a, b € R, and the previous calculation for the real case (in the proof
of Lemma 3.38),

(20— 2)*r~ 1 ] z r T ‘I)( ) v(z")]
HT[/U]HLl((O,Zo),ﬁ) S QOZO/ ZQR+1 0/ <ZO — :U) :)3/ (Z)

dz'dxd
(0= 2 2 dxdz

[\ N\‘H

The operator T' is a contraction if ag > ay. By the Banach Fixed Point Theorem,
there is for every f € L'((0, 29)) a unique solution v € W, to (3.40) and hence also a
unique solution U € W to (3.37) if ar > ag. We finish the proof in the same way as
the proof of Lemma 3.38 and find that if A\g = R(\) > 5 — p, then X € p(A). O

From Lemma 3.39 we know that if A € 0(A), then R(\) < 5 — p.
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3.3 Analysis of the singular vertical gene transfer model

We would like to proceed as in the case of the regular VGT model (see Section 3.2.2),
i.e., we would like to consider the rescaled function v(z) := b(z) U(z), show that the

operator Ty : L* ((07 %), =& ) — I! ((O, 20), ZL) defined by

2(z0—2) (z0—2)

Ty[v](2) := ap 2o (Zo Z— Z)ao/z (Zox_ x)a j (j)(gl()zS}(—ZZ) dz'dx

is compact, and use this property to show that A = 8 — u is a dominant eigenvalue.
However, we cannot show compactness of T as before using the Kolmogorov-Riesz-
Fréchet Theorem because we do not have an upper estimate for the plasmid segregation
kernel as in the regular case.

Another idea would be to use that the operator T maps L} := L! ((O, 20), %) to
W, = LL nW1((0, 29)) and to show that W, CC L}, meaning that W, is compactly
embedded in LL. However, this is not the case as the following example illustrates.

Ezample 3.40. Let X := W1((0,2)) N L'((0,1), %) and define the norms

xT

1

1
Hf”Ll((O,l),%’”) = / |f ()] - dr and |[|f|y = Hf/HLl((O,zo)) + HfHLl((o,1),d—;)~
0

Let (fn)nen be a uniformly bounded sequence in X, then there is a subsequence (still
denoted by (f,)nen) that converges in L'((0, zg)) because W1((0, 29)) cC L((0, z))-
Denote the limit of f, by f € L*((0,2)). Because (fy)ney is uniformly bounded in
L*((0,1), %) it holds that f € L*((0,1), “*). However, we do not necessarily have that
fo = fin LY((0,1), 42).

For example, consider for n € N with n > 2

nx, if0<z< i

n

falz) = n(%—x), if L <z<?2
0 if%<a¢.

Then, f, is a uniformly bounded sequence in X as
1ol =2 and [ fallpio,),22) = 2log(2)  for all n > 2.

Moreover, f, ~—% f = 0in L'((0, 2)). Because of [ fall L1 (0,1),22) = 21og(2) for all

n > 2 and Hf‘ — 0 the sequence f, cannot converge to f in L'((0, 1), ),

L1((0,1),42)

This example can be extended to show that W, is not compactly embedded in L.

Therefore, in the next section we use another approach to obtain stability results for
the singular VGT model.

3.3.4 Stability analysis with the Generalized Relative Entropy
method

The aim of this section is to show stability of the eigensolution to the singular VGT
model (3.18) using the Generalized Relative Entropy (GRE) method. We follow [70,83]
and assume that the parameters of the model satisfy (A1’) - (A4’).
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3 Vertical gene transfer of plasmids

We consider eigensolutions (A, U, V), where (A, U) is a solution to the eigenproblem
associated with (3.18),

TUE) =~ (BE) +n) + NUE) + [ AE kU d2,
- w0 (3.41)
l_i>r(1)1+ b(z)U(z) =0, U(z) >0 forall z € (0, 2p), /Ll(z) dz=1
and (A, ¥) is a solution to the dual eigenproblem
b (2) = — (B(2) 4 ul2) + A EE) +BG) [ k(7)) d
. 0 (3.42)

W(2) >0 for all 2 € (0, 2), /\If(z)l/{(z) dz =1,

So far, we know that there is an eigensolution (A, &) to (3.41) with A = § — p and
U(z) > 0 for all z € (0, 2) in the case that 5 and p are constant, b is logistic, and k
is scalable (see Section 3.3.2). For the eigensolution (A, ¥) to the dual eigenproblem
(3.42) we have the following existence result.

Lemma 3.41. Let 5 and p be constant and (X, U) a solution to (3.41), then ¥ =1 is
a solution to the dual eigenproblem (3.42).

Proof. The proof is a straightforward computation using A = — u and the consistency
condition [ k(z,2")dz = 2. O
0

In this section, we aim at showing the stability of the eigenfunction U, thus we
assume that there is a unique eigensolution (A, U, ¥) throughout this section:

(A9’) There is a unique eigensolution (A, U, V) such that (A, U) is a solution to (3.41)
with A € R and U(z) > 0 for all z € (0, z9) and (A, V) is a solution to (3.42).
Moreover, there is no other solution (A\*, U*) to (3.41) with R(\*) > .

We rescale the solution u(z,t) to (3.18) by defining @(z,t) := e * u(z,t). Then, the
function @ is a solution to

Byi(z, 1) + 0.(b(2)i(z, 1)) = — (B(2) + (=) + N iz, ) + / B(Vk(z, )l 1) d2,

b(0)u(0,t) =0 forall t >0, (z,0) = ug(z) for all z € [0, z).
(3.43)
The idea behind the GRE method is to obtain a Lyapunov functional for solutions
to (3.43) in order to determine the long-time asymptotics. The following theorem is
the first step towards a Lyapunov functional.
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3.3 Analysis of the singular vertical gene transfer model

Theorem 3.42. Let u(z,t) be a solution to (3.43) and (A, U, V) be an eigensolution
in the sense of (A9°’). For every absolutely continuous function H : R — R, it holds
that

u(z,t)

o [veue m ()] vo e veoue m ()]

+ 7)6(2) k(2 2)W(Z"YU(z) H(ﬂ(z’ 2

_ 0/ B(=") k(= ) W(2) U(2) lH(“L({?Z§)> _H<“L({?Z’;>>
i) 5]

Proof. The proof is lengthy but consists of straightforward computations.

We define U(z,t) := eMU(z). Then, U(z) > 0 for all z € (0, z) and U is a solution
0 (3.18). Furthermore, we define ¢(z,t) := e~ *W¥(z). Then ® is a solution to the dual
equation of (3.18), i.e., it is a solution to

= 0p(2,1) = b(2)0:(2, 1) = — (B(2) + u(2)) ¥(2, 1) + B(2) / k(2 20 (2, ) d

YP(z,t) > 0 for all z € (0,2) and ¢ > 0, /w(z,t) U(z,t)dz = 1.
0

(3.44)
With these definitions, we obtain

wawaﬂﬁﬁgvzwgnﬁwwu>ﬁg<w )

_ u(z, t)
=1(z,t) U(z7t)H<U(z,t)>'

Recall that as H is absolutely continuous, it is differentiable a.e. and the derivative H’
is Lebesgue-integrable. For the sake of brevity, we omit the arguments of ¢, U, and u
everywhere except in the integrals. It holds that

o, [1/; UH(;H L. [b(z) W UH(S)}
— (0 U H(&) 4 (BU) H@)
U H (;) o, (5) +(00) b(z) U H(;) + 0 a.(b(2) U) H<;>
b(z) U H (;‘,) 9. (é‘,)
= UH (7 ) 0+ 0(=) 00+ 0 H( 5 ) 10U +0.(6(2) U)]
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3 Vertical gene transfer of plasmids

#(5) () o o(5)]
Now, we use the fact that v is a solution to (3.44) and U is a solution to (3.18):

u U

0, WUH(U)} +0. {b(z)zﬂUH(Uﬂ

=R (Y (66) + w0 -8 [, 2 dz']
+ wH(5> —(B(2) +p(2) U + 75(2’) k(z,2)U(Z, 1) dz’]

o) (z) o ()
— - B e UG (D) @

+ / B(') (2, 2) (2, ) U (2, 1) H@((ZZ?)) a7

ovn(z) () won )]

We compute that

+ L [F0.06)m) +56) 01— (-0.0I0) + b(z) 0.0)]
T 2 UG (ulZt) oz 1 "
= 0/5@ ) k(z,2) Uz 1) (U(z’,t) — U(z,t)) dz" + i {—b (z2)u— i (= (2) U)]

u

O, [I#UH(U)} + 0, {b(z)wUH(g)] = _7{5(2) k(2 2) (1) Uz, 1) H(U(z:t)

- B e UE o 1) e
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3.3 Analysis of the singular vertical gene transfer model

[ B K)ol 0 UE ) lH(“(Z’”) - H(“(z"t)ﬂ az

/ U(z,t) U(Z,t)
uN T, AU (w2 t)  u(zt) ,
teUH (U)O/B(Z)k(z’z) U 0) <U(z’,t) T UG, )) dz
7 u(z,t)

— B k(2,2 v(= t)U(z',z)H<g((Z',’7tt)) '
+/B Wz t) U, 1) lH g(étt)>> _ HG((Z,'?))] o

Together with

W(z,t) U(z,t) = U(2)U(z) and (z,t) _ Z/({z,z;)
this finishes the proof. -

Theorem 3.42 is the central theorem of this section, the following lemmas are ba-
sically consequences of the equation in Theorem 3.42. If we choose the function H
in Theorem 3.42 to be convex, then the next lemma shows that we have a Lyapunov
functional for solutions @ to (3.43).

Lemma 3.43. Let H : R — Ry be a conver and absolutely continuous function,
u(z,t) a solution to (3.43), and (N, U, V) an eigensolution as in (A9’). Then,

u(z,1)
t s Ho (@ U) - /\IJ (u(z)>dz

is decreasing and

o = [ Joen rmon (5351 - (7)

U
+H,<ﬁ(z,t)) [a(z’,t) a(z H o = _Dy(alU) < 0.

U(z)

Proof. Following [70], we start with the formula in Theorem 3.42 and integrate it w.r.t.
z from 0 to zg. Then, the second summand on the left-hand side is

b(2) U (2)U(2) H(if(;))

2=20

=0,

z=0
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3 Vertical gene transfer of plasmids

as [;° VU (z)U(z) dz = 1, by Assumption (A1’) and Lemma 3.14, because of

u(z,t) o u(z,t)
90 U(z) oot U(z)

which implies that lim H (ﬁ(z’t)> < 00, and analogously lim H (ﬂ(z’t)) < 0o. The last

z—0t L{(z) P M(Z)
0
two assertions hold as there is no eigenvalue with real part larger than A\ by Assumption

(A9’) and thus no solution grows faster than ¢/ (z) e*. Therefore, H (QZS’(Z;))) is bounded
for 2 — 0" and 2z — z;.

The third summand on the left-hand side is

20 20

0 0 ‘e
e ke v u) B uz/({(z?) ded =
Therefore,
io/ W(z) U(2) H@Z?) dz = 0/ 0/ ) (=, 2) W) U(Z) lHfoiz?)

() () [0

which shows the second part of the lemma.
Since H is convex and a.e. differentiable it holds for almost all z, ¥y € R that
H(z) > H(y) + H'(y)(x — y) or equivalently H'(y)(z —y) < H(x) — H(y). Hence,

() -l o (i) s -] =

d
- Y] <
dt?’[\p(u“/{) O,

and

i.e., the map ¢t — Hy(a|U) is decreasing. O

Now, we can use the previous Lemma 3.43 to obtain a priori estimates for solutions
to (3.43).

Lemma 3.44. Under the assumptions of Lemma 3.43, we have

(i) Conversation of mass: zfoﬂ(z, )W(z)dz = zfoﬂ(z, 0)W(z)dz =:m for all t > 0.
0 0

(7i) Contraction principle: ?|ﬂ(z,t)| U(z)dz < Zfo|ﬁ,(z, 0)| ¥(2)dz for allt > 0.
0 0
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3.3 Analysis of the singular vertical gene transfer model

Proof. The proof uses the formula for £Hy(4|U) in Lemma 3.43.

(i) We choose H(h) = h, then

d N
aﬂqj(uﬂ/{) =
_ 0/ 0/ B) k() W () U() 12(,?’2? - L;f“z? i [‘;f“z’;) - uf,@?” dzdz
0

Therefore, Hy (a|U) is constant in time and Hy (a|U) = [5° V(2) u(z,t) dz.

(ii) With H(h) = |h|, we obtain from Lemma 3.43 that
77_[\11 a|U) = d/| (z,8)] U(2)dz <0.

Thus, (ii) follows.

In the next lemma, we show further a priori estimates for solutions to (3.43).

Lemma 3.45. Under the conditions of Lemma 3.43, ¥ > 0, and the following con-
ditions on the initial condition uy of a solution U to (3.43) and the eigenfunction U:
there exists a C' > 0 such that for all z € [0, 2]

uo(2)] < CU(2), jz(b(z)u(z)) € L'((0,20), ¥(2)dz), and
i((b(z) uo(2)) € L'((0, 20), U(2)dz),

it holds that

(i) |a(z,t)| < CU(z) for a.e. z €0, z] and for all t > 0,

(i) 70|8t11(z,t)| U(z)dz < Ci(ug) for allt > 0, where Cy(ug) is a constant depending
0

on ugy, and

(1i7) Zplaz(b(z) u(z,1)| W(2) dz < Cy(ug) for allt > 0.

Proof. This proof follows the proof of [83, Theorem 4.5].
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3 Vertical gene transfer of plasmids

(i) We choose H(h) = (|h| — C),, where (-), denotes the positive part. Therefore,
by Lemma 3.43,

o= oo () o

2 Pt (a0l - cue, & <o

Hence,
0§/ (2) (Ja(z, )| — CU(2) dz</\IJ (Ji(z,0)| — CU(2)), dz =0

and because ¥ > 0 a.e., we have (|a(z,t)] —CU(z)), = 0 for a.e. z. Therefore,
|u(z,t)] < CU(z) for a.e. z € [0, 2p] and for every t > 0.

(ii) Recall that @ is a solution to

Ot(z,t) + 0,(b(2) u(z,t)) =

= — (B(=) + (=) + zt+/5 (1) 2.

By differentiation in time ¢, we obtain that ¢(z,t) := 0;u(z,t) also satisfies this
equation. Therefore, we can apply the contraction principle from Lemma 3.44 to
the solution ¢ to conclude

JlaG.019(=) dz < [ la(=,0) 9(z) d

By the definition of ¢ we have
q(z,0) = dyu(z,0)

= —0:(b(2) uo(2)) — (B(2) + p(2) + A) uo(2) + /5(2’) k(z, 2") ug(2') dz.

Next, we use the assumption on ug to estimate the right hand side and the fact
that U is a solution to (3.41) to obtain

000 = | 0 D) + 1562+ 4) 4 M CUL) + [ B NCUE b
< {06 (e +2160) 4 u(e) + N CUC) + €| L 01U
Therefore
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3.3 Analysis of the singular vertical gene transfer model

+2C(B+ 7+ |A|)
< Ci(up) < 00,
where C(ug) > 0 is some constant depending on the initial condition ug. In the

last step we have used that £ (b(z)ug(2)) and < (b(2) U(2)) € L*((0, 20), ¥(2) dz),
by assumption. Overall, we have

/|8t&(z,t)| U(z)dz = / lq(z,t)| ¥ (z) dz < / lq(2,0)| ¥(2) dz < Cy(up).

(iii) Since @ is a solution to (3.43), we have that
0.(b(z) u(z,t)) = —0wu(z,t) — (B(z) + p(z) + A) a(z,t)

—i—/ﬁ(z’) k(z, 2" a(Z',t) dz.

We take the absolute value, multiply with ¥, and integrate over z from 0 to z
and obtain with (i) and (ii) similar to the above calculation

20

O/ jz(b(z) a(z, t)>| V(z)dz < 0/ Ohii(z, 1) U(2) dz +2C (B+ T+ |\])
+ [| o) v d:
< CQ(U()).
This finishes the proof. -

Finally, we can show the main theorem of this section on convergence of any solution
to the eigensolution U.

Theorem 3.46. If the conditions of Lemma 3.45 hold and there exists a continuously
differentiable function I : [0, zg] — [0,00) such that T'(I) = [0, zo] for some interval
I =1[0,a] C 0, 2o},

{(2,T(2)), 2€ 1} € supp k(z,2'), and b(2)T'(2) # b(T'(2)) for a.e. z € I, (3.45)

[O,Zo] X [O,ZO]

hold, then solutions to (3.18) tend to a steady state as with m := Zfouo(z) U(z)dz it
0
holds that

t—o00

lim / ‘u(z,t) e M — ml/{(z)‘ b(z) ¥(z)dz = 0.
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3 Vertical gene transfer of plasmids

Remark 3.47. Condition (3.45) in Theorem 3.46 is a non-degeneracy condition on the
support of the plasmid segregation kernel k. It holds, for example, for logistic plasmid
segregation and a scalable kernel, where @ : [0, 1] — R satisfies:

there are constants 0 < d; < d2 < 1 and ¢ > 0 such that ®&(x) > ¢ for all = € [dy, ds]

(see [70, Remark 4.4]) because then there is some a > 1 such that I'(z) = az satisfies
['([0, 22]) = [0, 20}, the graph of I'(z) for z € I = [0, 2] is a subset of the support of k,
and [V(z) = a > 220=93) _ b(bp(f))) for all z € 1.

20—2

Proof. This proof is based on the proofs of [83, Theorem 4.7] and [70, Theorems 3.2,
4.3]. The proof consists of four steps. In the first and second step, we show conver-
gence results. In Step 3, we show that the limit obtained in Step 2 can be written as
mb(z)U(z). Finally, we combine Steps 1 to 3 to finish the proof.

Step 1: Convergence of b(z) t,(z,t)
If u(z,t) is a solution to (3.18), then @(z,t) := u(z,t) e * is a solution to (3.43). We
introduce_)the sequence Uy (z,t) := u(z,t +t,) where (t,)nen is a sequence with ¢, > 0

and t,, —— oo.
We define v,(z,t) := b(z) @, (z,t) for every n € N. Then, v,(z,t) is a solution to

04t (e t) + D002, 1) = ~(BI:) + 1(2) + M) +b(e) [ B )
0(0,t) =0 forallt>0, 0(2,0) = b(2) up(z) for all zZ: € (0, 2p).
(3.46)
By Lemma 3.45, it holds that
|0 (2, )] = [b(2) @ (2, )] < 0]l (2, +t0)| < O], CU(2)
forallt > 0 and n € N,
/|8tvn 20| U(z dz—/|8t (2,6))| U (2) dz < |1b]| /|5’tun 2,0 U(2) dz

< HbHoo C1(ug) < oo,

and

20

/|8227n(z,t)| U(2) dz = / 1. (b(2) @in (2, )| (2) dz < Ca(up) < oo,

0

This means that we have bounded variation regularity of the solution o, to (3.46)
which gives local strong compactness of families of solutions to (3.46) (see [83, p. 91]).
Therefore, there is a subsequence that we still denote by v,, such that for all "> 0

n—oQ

Un(2,t) =% h(z,t) strongly in L*((0, z) x [0,T]).

Then, h(z,t) is also a solution to (3.46), and it holds that |h(z,t)] < CU(z) for some
C > 0 due to |0,(2,t)] < [|b]| . CU(2) for all t > 0.
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3.3 Analysis of the singular vertical gene transfer model

Step 2: Convergence of Hg (g V)(t) and f)\ii(g] V)(t)
With v(z,t) = b(2) u(z,t), V(z) = b(2)U(z), V(z) = %I(ZZ)), and 0(z,t) = b(z) u(z,t) we
can show exactly as before (see Theorem 3.42 and Lemma 3.43) that

jﬂ“‘@ T / iz < ﬁ;?) dz = =Dy (0] V)(t) <0,
where
o= i nanon (55) (5
i (5e3) [5 - S6||#

Thus, for every solution g to (3.46) and every non-negative, convex, and a.e. differen-
tiable function H, the function Hg(g|V)(t) is monotonously decreasing and bounded
below by 0 (as ¥, V, and H are non-negative). Therefore, Hg(g| V)(t) converges to
some L > 0 for t — oo and Dy (g| V)(t) = —LH4(g| V)(t) H—°°> 0.

Step 3: Solutions g to (3.46) with [° Dg(g| V)(t)dt = 0 satisfy g(z,t) = mb(2) U(z)
Next, we want to characterize solutions ¢ to (3.46) with [3° Dg(g| V)(t) dt = 0. With
the choice H(s) = s? (for the remainder of this proof we always make this choice for
H) and the definition of Dy (g| V)(t), we obtain that

0= 715~<g|v>< )
- 7 / / B k(=) () V() Rﬁj’z’;) - f’]ﬁ(?] d2'dzdi.

Recall that 3 > 0, ¥ > 0, 4 > 0, and for all z, 2’ € (0, %) it holds that §(<;>) > 0.
Therefore, for a.e. t > 0 and (z,2’) € supp(k) it holds that

V(z) V()
If we define ¢(z,t) := 22 then for a.e. t >0, z € (0, z))

OR
1#(2715) = w(r<z)7t)'

As in the proof of Theorem 3.42; it is straightforward to show that for a.e. t > 0 and
S (07 ZO)

Ob(z,t) + b(2) D.0(z,t) =0, (3.48)

where we use (3.47) and the same rescaling as before.
We aim at showing that 1(z,t) is constant and therefore use that

(0) (2,t) = (Oi) (T(2), 1) and  (9:9) (2,1) = I"(2) (8:¢) (I'(2), 1)
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3 Vertical gene transfer of plasmids

Hence, for a.e. t > 0 and z € (0, z)

(0)(I(2), 1) +b(2) I"(2) (9:4)(T'(2),1) = 0

and

(i) (T'(2), 1) + b(I'(2)) (9:4)(I'(2), 1) = 0.
Overall, it holds that

(I'(2) b(z) — B(T(2))) (8.9)(T(2).1) = 0.

As by assumption b(z) I'(z) # b(I'(z)) for a.e. z € I, it holds for a.e. t >0 and z € [
that

(0:9)(I'(2),t) = 0.

Since I' is a continuously differentiable function it has the Luzin N-property which
means it maps sets of measure zero to sets of measure zero (see Definition 2.4 and
Example 2.5). Therefore, (0.9)(z,t) = 0 for a.e. z € (0,2) and ¢ is constant for a.e.
z € (0, z0). Equation (3.48) implies that ¢ is also constant for a.e. ¢ > 0.

By definition of ¢ it follows that there is some constant ¢ > 0 such that a solution
g to (3.46) with [°Dg(g| V)(t) dt = 0 satisfies g(z,t) = c¢V(z) = cb(2)U(2) for a.c.
t>0and z € (0,2). Multiplying g(z,t) = c¢V(2) with ¥(z), integrating over z, and
once again rescaling yields

c—c/L{ dz-c/bz O/CV 2)U(z)dz = gzt U(2) dz

/ )u(z,t) (2) dz /ﬂ(z,t) U(z)dz = m.

0 ) 0

Therefore, a solution g to (3.46) with [°Dg(g|V)(t) dt = 0 it holds that g(z,t) =
mV(z) = mb(z)U(z) for a.e. t >0 and z € (0, z).

Step 4: Conclusion
Finally, we want to combine Steps 1, 2, and 3. Consider the sequence 0,(z,t) from
Step 1 and define the function f: N x Ryy — R,

f(n,T) = [ Dg(,| V)(t) dt

For every T' > 0, by Step 1, it holds that

T
lim f(n,T) :/ (R V)(t) dt < oo
0
and for every n € N it holds that
hmfnT :/ (On| V)(t) dt =: g(n) < oo,
0
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3.3 Analysis of the singular vertical gene transfer model

since with %H@(fid V)(t) =

_f)\i/ (@n’

V)(1),

[ Daoal V)(®) dt = H (5 V)(0) = Jim Hi (50l V) (1) = Ho (5] V)(0) — L < o0,
0
for every solution v, to (3.46) by Step 2. Furthermore, it holds that
T 0o
lim su n,T) — = lim su /25~vnV / (Tn| V) (2t
Jim, supl ) = 300 = Jim | [ Do [ Pato
T 00
hmsup/ (@ V)(t+t,) / (@ V)(t + ) dt
T%oo neN
0 0
T+tn oo
— lim sup / Dy (3] V)(t) dt — / Dy (| V)(1) dt
T*)OO neN ; ;
= Ylggo sup Dy (0| V)(t) dt
Tt
= Jim / Dy (3] V)(1) dt = 0.
T+ inf t,

neN

T—o0

Therefore, f(n,T) — g(n) uniformly on N and by the Moore-Osgood Theorem (see,
e.g., [41, p. 100]) it holds that lim 71im f(n,T) = 7lim lim f(n,T),ie
n—oo I'—oo —00 N—00

3 (0n| V) (2t

0
On the other hand, it also holds that

[Pumon- [

)4

(O | V)(t

7’L*>OO /

0

(h|V)(t

(@] V)(t +t,) dt = /D Bl V) () dt 2= 0.

Since the limit is unique, we have that % is a solution to (3.46) and it satisfies

Jo°D

a.e. and therefore
b(2)u(z,t) =

(Z t) t—>oo

or equivalently

i(z,t) 22 mU(z)

This finishes the proof.

3(h|V)(t) dt = 0. Then, due to Step 3, it follows that h(t,z) = mb(z)U(z)

mb(z)U(z) in L*((0,z), ¥(z)dz)

in L'((0, ), b(2) ¥(z) dz).
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3 Vertical gene transfer of plasmids

Overall, we have shown that the eigensolution U is asymptotically stable if there
are unique solutions to the eigenproblem (3.41) and the dual eigenproblem satisfying
Assumption (A9’) and the assumptions in Theorem 3.46 on the initial condition u,
the eigenfunction U, the dual eigenfunction ¥, and the support of k are satisfied.
However, we do not know that these assumptions are indeed satisfied. We only know
that a strictly positive eigenfunction ¢ exists in the special case of constant 5 and p and
logistic plasmid reproduction b (see Section 3.3.3) and that there is a dual eigenfunction
U for constant  and u (see Lemma 3.41).

3.4 Numerical construction of the eigensolution

3.4.1 Constant cell division and death rate

This section is based on [96].

We can numerically construct the eigensolution U for the singular VG'T model with
constant cell division and death rate, logistic plasmid reproduction, and scalable plas-
mid segregation kernel with the same method that we have used in the proof of Lemma
3.27. In the proof, we have used Banach’s Fixed Point Theorem to show existence of
a unique solution g € C°((0, 20]) N C'((0, 29)) to (3.26) for every a > 0. We also use
that we know due to Theorem 3.28 and Lemma 3.21 that A = S — pu and therefore
o = Oy = %770'

We have used the software R [87] for the numerical construction of the function g.
Following the proof of Lemma 3.27, the solution g to (3.26) was simulated iteratively:
in each step, we simulated g on the interval [a —J, a] where a is given from the previous
step (in the first step a = zg) and we chose § > 0 such that the operators 7" and T, in

the proof of Lemma 3.27 are contractions on C%([a — 4, a]), i.e.,

arg min ‘ Iaoz—01|a || - (ﬁ)ao _ 1‘ +107°, if ag # 1,
_ y€(0,0)
a;eg((r)ii)n ‘zo H<I>Hoolog(a%y) P 1‘ +107°, if g = 1.

For all points x, which were chosen equidistant between a—4§ and a, we set go(z) := g(a),
where g(a) is known from the previous step (g(a) = g(z) = 1 in the first step). For
n € Ny, the iteration

%muwz%%f( Z)%f¢()QWW%—zw*%wwww+(ﬂ%mw

T J \zg—2 z! T
T o 20
220 [ )" [o(2) ()2 o= 2 ()

where the last summand was omitted for the first step where a = zy. For the integration
we used the R function integrate.

The choice of § guarantees that this iteration converges on [a — 0, a] as T, (defined
as in the proof of Lemma 3.27, i.e., T},[g,] is the first summand in the above iteration)

98



3.4 Numerical construction of the eigensolution

is a contraction. The function g, is updated until either

max  [9n(2) = gn-1(2)] < 107°

z€la—d,a

or n = 100. Then, we define g(z) := g,(z) for x € [a — 9, al.

We repeated the same procedure for the next steps, with a := a — § until either
a — 0 < 0.005 or we have reached the maximal number of iterations, viz. 1000. In
this way, we numerically constructed a solution g € C°([m, 29]) for some m > 0. The
function g was rescaled to obtain the eigenfunction U using

U(z) = vz) _ (2= 2)"g(z),
b(z) b(z)
We normalized U such that [0, U(z) dz = 1, where we numerically determined the
integral using again the function integrate.

So far, we have only considered the case of the singular VGT model for the numerical
construction of the eigenfunction. However, we can use the very same method to
construct a solution U to the regular VGT model with ky = 0 on the interval [m, 2o
(see [96, Section 5]).

In Figure 3.8, numerically constructed eigenfunctions U/ for different plasmid seg-
regation kernels, i.e., different ®, are shown. In the case ® = 1 we know the exact
solution (see Example 3.24) and therefore plotted the exact solution for comparison.
The exact solution and the numerically constructed eigenfunction agree well (see Figure
3.8, upper right figure).

For each of the three different plasmid segregation modes, viz. uniform, unimodal,
and bimodal plasmid segregation, the corresponding eigenfunction U has the same
shape (see Figure 3.9 for a comparison of the eigenfunctions). It has two poles; one at
zero and the other at zp, the maximal number of plasmids in a bacterium (this pole
is of lower order than the pole at zero), between these two poles the eigenfunction is
almost constant. In Table 3.1 the percentage of bacteria that contain a certain fraction
of the maximal plasmid load is shown.

Q) =1 ) =30(1-¢° () =1208(;-¢*(1-¢
0<z<szz | 64.56% 51.10% 68.39%
$70 <z < 2z | 18.93% 28.37% 15.79%
2n<z<z | 1651% 20.53% 15.82%

Table 3.1: The percentage of bacteria with less than a third of the maximal plasmid
load, between one and two thirds of the maximal plasmid load, and with at least two
thirds of the maximal plasmid load, respectively, for three different scalable plasmid
reproduction kernels, viz. ®(£) =1, ®(£) = 30£% (1—-¢)?, and P(£) = 120£ (2 -€)* (1—
€). The fractions are calculated from the numerically constructed eigenfunction shown
in Figure 3.8.

These numerically constructed eigenfunctions indicate that in the long run the plas-
mid segregation does not influence the distribution of plasmids in a bacterial popula-
tion. Therefore, we would expect that in the long run a large proportion of bacteria will
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2.07 — numerical solution
~—~ 1.54 - exact solution
Yy
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Figure 3.8: Numerical constructions of the eigenfunction U for § = 0.4/h, p = 0.1/h,
b(z) = z(1—2)/h, « = 0.8, and different ®. Left: Different plasmid segregation kernels
@, from top to bottom: ®(&) =1, ®(£) =30£2 (1—&)?, and (&) = 120& (5 —-&)* (1-¢).
Right: The eigenfunction U corresponding to the function ® on the left-hand side. For
® = 1, the exact solution to U is plotted red (dotted line) for comparison.

have either no or only very few plasmids independently of how plasmids are distributed
at cell division.

Eigensolutions were also numerically constructed for different 5 but same ®, u, and b
(see Figure 3.10 and Table 3.2). In this case, the numerical eigenfunctions indicate that
with increasing cell division rate the fraction of bacteria losing the plasmid or having
only few plasmids increases. This is plausible as we would expect that if bacteria divide
faster but plasmids reproduce at the same rate, then more bacteria will lose plasmids
in the long run. Furthermore, we find that the eigenfunction U behaves differently at
the maximal plasmid load zy for different 3. The eigenfunctions we constructed here
satisfy U(z) ~ (20 — 2)* ! at 2z (see Theorem 3.35 and Corollary 3.36). Hence, it
follows that:

« If @ <1, then lim U(z) = 0.

Z—>Zo

« If « =1, then lim U(z) = C € (0,0).

Z_>ZO

« If > 1, then lim U(z) = 0.

Z—>ZO
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105 — ) =1
8 B(€) = 30£2 (1 - €)?
e B(€) =120 (L — )2 (1—¢)
R
S 4
2_
\ : |
O_ [ [ 7|7 E— [ [ [
0.0 0.2 0.4 0.6 0.8 1.0
z

Figure 3.9: Comparison of the numerically constructed eigenfunctions for g = 0.4/h,
w=0.1/h, b(z) = z(1 — 2)/h, @ = 0.8, and different kernels ®: ®(£) = 1 (black),
©(§) =30& (1 —€) (green), and (&) = 120€ (5 — €)* (1 - £) (orange).

104 — 5 =0.45/h 24

] — 5 =0.50/h
oM —B=055/h]
S 4+ /H S

- |

0- T T T T T T 04, “‘I“““ﬁl

0.0 0.2 0.4 0.6 0.8 1.0 0.90 0.95 1.0
z z

Figure 3.10: Numerically constructed eigenfunctions for ®(§) = 6£(1—¢), p = 0.1/h,
b(z) = z(1 — 29)/h, and different 3, viz. 5 = 0.45/h (black), 0.5/h (blue), and 0.55/h
(orange). The different cell division rates lead to different behavior of the eigenfunction
U(z) at the maximal plasmid number z.

The numerically constructed eigenfunctions also show this behavior (see Figure 3.10
right-hand side). For § < 0.5/h it holds that a = % < 1 and the eigenfunction hat
a pole at zg, for 5 = 0.5/h the eigenfunction is constant at zg, and for g > 0.5/h it
tends to zero for z — z;. This is in accordance with the Threshold Theorem for the
distribution of plasmids at the maximal plasmid load obtained in [74].

Changing pu, the death rate of bacteria, affects the growth of the bacterial population
as it grows exponentially with exponent A =  — p. Moreover, numerically constructed
eigensolutions are the same for different p indicating that p only influences the growth
rate of bacteria but not the plasmid distribution.

3.4.2 General cell division and death rate

The above method for numerically constructing the eigenfunction U for the case of
constant cell division and death rate can be extended to non-constant cell division
and death rate. In this section, we aim at deriving a numerical scheme to numerically
construct the eigenfunction U for the singular VGT model for more general cell division
and death rate.
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3 Vertical gene transfer of plasmids

B=045/h  B=05/h  B=055/h
0<z< iz 65.15% 73.72% 80.92%
$70<z<2z| 21.52% 13.47% 11.77%
%zo <z< 2z 13.33% 8.82% 5.61%

Table 3.2: The percentage of bacteria with less than a third of the maximal plasmid
load, between one and two thirds of the maximal plasmid load, and with at least
two thirds of the maximal plasmid load, respectively, for three cell division rates, viz.
g = 045/h, B = 0.5/h, and = 0.55/h. The fractions are calculated from the

numerically constructed eigenfunction shown in Figure 3.10.

We consider the eigenproblem associated with the singular VGT model, i.e.,

d

2, G Uz)) = = (B(2) + u(z) + ) U(2) + /B(Z') k(2,2 U(Z) d,

(3.49)

20
lirgl+ b(z)U(z) =0, U(z) >0 forall z € (0,2), /U(Z) dz = 1.
Z—

0
Throughout this section, we make the following assumptions on the parameters: § and
p are continuous, i.e., (A2’) and (A3’) hold, the plasmid segregation kernel satisfies
the consistency conditions (A4”), b is logistic (A5”), and

(A10°) — 07 (B(2) + p(2))].—, < 00
(A11’) There exists a C' > 0 such that k(z,z') < & for all z € (0,2'), 2’ € (0, z).

Here, 0~ denotes the left-sided partial derivative.

In this case, we do not know the eigenvalue A as we did in the case of constant cell
division and death rate (see Lemma 3.21). However, we have not used that we know A
in Section 3.3.2. Thus, we can at least derive a numerical scheme for the approximation
of the eigenfunction in an analogous way. First, we rescale the eigenfunction.

Lemma 3.48. There is a solution (A, U) with U € C*((0,29)) to the eigenproblem
(3.49) if and only if there is a solution (\,v) with v € C1((0,2)) to

o(z) = 2% B(z) + p(z) o(2) + / 5(2’2(12(,»)2, ) o() d2,

b(z)
Zli}r(r]av(z) =0, wv(z)>0 forall z € (0,z), /OZO Zég dz = 1.

(3.50)

Proof. 1f (A, U) is a solution to (3.49), then (A, v) with v(2) := b(z) U(2) is a solution
to (3.50). Likewise, if (A, v) is a solution to (3.50), then (A, U) with U(z) := Zg)) is a
solution to (3.49). O

102



3.4 Numerical construction of the eigensolution

In Section 3.3.2, we used an explicit solution for another rescaling of the solution v
to (3.50). Here, we do not have an explicit solution but we rescale nonetheless.

Lemma 3.49. Let ¢ > 0. If there is a solution (), g) with g € C1((0,2)) N C°([0, 20])
to

#6) = (el =0 - AL ) o

= 9 [PEHEE) Gy gy a2, (350

9(z0) = 1, lim g(=)=0, g(2) = 0 for all ze(o,zo),/(zo—ZW
0

b(2)

then (A, v) with v(z) := C (20 — 2)°g(z) for some C > 0 is a solution to (3.50) and
(RS Cl((O, Zo)).

dz < 00,

Proof. 1t is a straightforward computation to show that if there is a solution g to (3.51),
then v(z) := C (29 — 2)¢¢g(2) is a solution to (3.50). O

For the sake of brevity, we define

A+B(z) +u(z)  bocz—20 (A4 B(2) —|—,u(z)).

(A, 2) == —c(20 —2)" + b(2) a bo 2 (20 — 2)

We consider again the integro-differential equation for g together with the boundary
condition g(zp) = 1, i.e.,

(5) = —ah2g(e) o= 2) 7 [PGEET o gy a

9(z0) = 1.

Lemma 3.50. Let ¢ = % (A4 B(z0) + 1(20)). Then, for every A > —(6(20) + ,u(zo)>
there exists a unique solution g € C*((0, 29)) N C°((0, zo]) to (3.52).

Proof. Variation of parameters together with g(zy) = 1 yields for z € (0, 2|

zZ 20 / /
k x Z
g(z) _ zz/(zo . x)—c/ ﬁ('z)z/(xaz) (ZO . Z/)c—lg(zl) ds efz a(\y) dy d:(:—i—efzoa()\’y) dy.
(3.53)

As g(z0) = 1, it holds that el W d o o for all 2 € (0, z9) and therefore a(z) needs
to be integrable at zy. We have that
1

cC = —

= 5 (A +B(0) + ),
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i.e. ¢ > 0if and only if A > —(8(20) + p(20)). Therefore,
2(A+ B(20) + p(20)) = 200X + B(2) + p(2))

zliril &(A’ Z) - zlir,?f B boZ(Zo — Z)
T 20(B(z0 — h) + p(z0 — h)) — (20 — h)(B(20) + p1(20))
h—0+ by(z9 — h) bo(zo — h)h
_ A 4 lim ~ 20(B(20) = B(zo — h) + p(20) — plz0 — 1))
bozg  h—0+ bo(zo — h)h
N ﬁ(zo)b;oﬁb(zo)
_ A+ B(=0) + ulz) bl o™ (B(=) + u)|__ < oo,

boZO
as — 07 (B(2) + pu(2))],—., < oo by Assumption (A10’). Thus, a(},2) is bounded at

20-
Let a € (0,20), g € C%([a, 29]) and define the operator G : C°([a, 29]) — C°([a, 20]) by

0 / ' .
(Z ) k(xyz) (ZO _ Z/)cfl g(z/) dz €fz a(A,y) dy dz.

Using Assumption (A11’) and

Oz LB OB +ul) —hez e
z bo (20 — 2) z
for all z € [0, 2] and some ¢ > 0, we estimate the supremum norm of G[g](z) by
2 7 17 @
Gl < 2 gl BO sup | [(o—2) T [(z0— ) d! el o000 gy
0 z€[a,zo] g e

BC (zY 71
< 2 B (ZO> ||g||Oo sup (/ - d.I)
a z€la,z0] g T
(1 1) a—zg 0.

z 20

LEC (2 gl s

z€la,zo]

Therefore, G is a contraction on C°([a, 29]) for a € (0, 29) sufficiently large. By the
Banach Fixed Point Theorem, the operator G has a unique fixed point in C°([a, 20)).
As the second term in (3.53) is bounded for z € [a, 2o, there is a unique solution

g € C%a, 2)) to (3.53).
We construct the solution to (3.52) iteratively. Let a € (0, 29) such that there is a
solution g € C%(a, 2]) to (3.52). Variation of parameters yields for z € (0, a

Cahy)dy g

(Zo_x)—c/ﬁ(z)];(xvz) (ZO _Z/)c—lg(zl) dZ/ €fz

_~0
g(’Z) - bo/
+ g(a) oJ. e y) dy
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= 20 (g -y [PEVERE) (et gty az el 00 g
0

Z 0 ’ /
k @ 3.94
+ 20 [z —aye [PEORE) (o et gy el o0 gy O
0

+ g(a) eJ: ey

For 6 € (0,a) and g € C'([a— 4, a]) define the operator G, : C*([a—4,a]) — C'([a—4, a])
by

z a , k- , )
Ga[g](z) = ?/(ZO _ $)—C/6(Z)Zl(x’z) (ZO _ Z/)c—l g(Z/) dz' €fz a(\y) dy dz.
0
We estimate the supremum norm as before by

2wBC [/ a Y
IGalgllle < 52 (=25 | oo

sup
bO & * 2€la—8,a] g e
2050( a >é <1 1) §—0t
< ¢ S 2) =,
- bo C a—9 H g’[ai&a] e ZG?G‘:J;I()S,Q] z a
Furthermore,
d

d;Mﬂ@:—Mx@&M@Héy%—@*Zmagﬂw@wwf*ﬁﬁ@’

and therefore

d 1 1 1
- < - L 4
’@@mk_aaﬂﬂmmﬂmﬁgm@ 1
a 1 2 1
—c N\c— !
+ 02 Hg|[a—6,a} o ze?;l—% a](zo - Z) / (Z’) (Z() —Z ) dz
< i H | <1 1>
su I
= a— 6 ‘g [a—é,a} 00 ZE[a—I;a] > a
02 1 1\ 50+
H9|[a—5,a] sup ( — ) — 0.
0 —a X z€la—d,a] \Z a

Thus, for § € (0, a) sufficiently small there is a C' < 1 such that

d
dz

|wmm%%@:mw@@mmw @MH}<dMWM

Therefore, G, is a contraction for € (0, a) sufficiently small. The second and third
summand in (3.54) are bounded (w.r.t. the norm |[|-||¢1((,_5,))- By the Banach Fixed
Point Theorem there is a unique solution g € C'([a — §,a]) for (3.54).

Iteratively, we find a unique solution g € C'((0,29)) N C°((0, 29]) to (3.52) for every

A > —(B(z0) + plz0)). O
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3 Vertical gene transfer of plasmids

Remark 3.51. Lemma 3.50 gives existence of a solution g to (3.52). Thus, by Lemmas
3.49 and 3.48, we know that

is a solution to the integro-differential equation in (3.49). However, it is not clear under
which conditions there exists a A > —(5(20) + ,u(zo)) such that the corresponding
eigenfunction U also satisfies the non-negativity and integrability condition in (3.49).

We can construct the solution g as in the case of constant § and p by using the
proof of Lemma 3.50. First, we choose a A > —(ﬂ(zo) + 1(20)). In each step, g was
simulated on the interval [a — §, a] where a is given from the previous step (a = 2z in
the first step) and we chose ¢ such that the operators G and G, in the proof of Lemma
3.50 are contractions on C°([a — 4, a)), i.e.,

2 BC a \[ 1 1 1
bpc \a—y a—1y a

We choose again equidistant points in [a — d, a] and set go(z) := g(a). Then, we use for

n € Ny the iteration

+107°.

= arg min
y€(0,a)

o= 2 e /M%_Z»C—l%( ot o

—i—bo/zo—:v /6 (zo—z’)c’ ()dzef Av)dy gy

+ gla) el: o

where we omit the second summand in the first step where a = z;. We iterate g, until
either

A 19a(2) = gn-a(2)] <1077

or n = 100. Then, we define g(z) := g,(z) for z € [a — 9, a].
We repeated the same procedure for the next intervals, where a := a — ¢, until either
a — 0 < 0.01 or we have reached the maximal number of iterations, viz. 1000. In
this way, we numerically constructed a solution g € C°([m, 29]) for some m > 0. The

function g was rescaled to obtain the eigenfunction U using

v(z) _ (20— 2)*g(2)
b(2) oz

We normalized U such that [°U(z) dz = 1, where we numerically determined the
integral using again the function integrate.

In this way, we obtain numerically constructed eigensolutions U for different A\ (see
Figure 3.11). For the numerical construction of the eigenfunction, we chose the cell

Uz) =
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3.4 Numerical construction of the eigensolution
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Figure 3.11: Numerical construction of the eigenfunction for the singular VGT model
with cell division rate 5(z) = (0.4 (1—z)+0.01>/h, cell death rate u(z) = (10—999z2)/h
for z € [0,0.01), u(z) = 0.01/h for z € (0.01, 1], and ®(&) = 1. Upper row: Plots of
and p, respectively. Bottom row: Plots of the solution g and U for different .

death rate pu(z) = (10 —999z)/h for z € [0,0.01) and p(z) = 0.01/h for z € (0.01, 1] to
model that plasmid-free bacteria have a highly increased cell death rate compared to
plasmid-bearing bacteria (e.g., due to antibiotics usage that kills plasmid-free bacteria).
For the cell division rate we chose ((z) = (0.4(1 —2z)+ 0.01) /h in order to model the
metabolic burden associated with the harboring of plasmids. With these parameters,
there is a unique solution g to (3.52) for all A > 0 by Lemma 3.50.

The eigenfunctions U satisfy the integro-differential equation in (3.49), but we do not
know that whether there is an eigenfunction that also satisfies the remaining conditions.
The integrability condition on the eigenfunction & can only hold if Zlir(r)l+ g(z) =0. The

numerically constructed functions indicate that g(z) is increasing in A and that for
11151+ g(z) > 1 for A > 0.2/h. Thus, we expect that there is a unique A\ < 0.2/h such
zZ—

that the conditions hold.

Furthermore, the numerically constructed eigenfunctions indicate that for non-con-
stant cell division and death rate the distribution of plasmids has the same shape as
for constant cell division and death rate in the long run (at least for this choice of
parameters).
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4 Vertical and horizontal gene
transfer of plasmids

4.1 Derivation of a model including conjugation

In this chapter, we include HGT into the model. The aim of this chapter is to develop
a model for the distribution of plasmids including both VGT and HGT of plasmids via
conjugation and to explore the effects of HGT on the distribution of plasmids.

We consider a population of bacteria with two kinds of plasmids, a conjugative and
a mobilizable plasmid. The conjugative plasmid enables the plasmid-carrying bacteria
to transfer both a copy of the mobilizable and a copy of the conjugative plasmid to
bacteria without a conjugative plasmid. We make the following model assumption:

« A bacterium can have either no or one conjugative plasmid, the populations are
denoted by u and v, respectively.

« The conjugative plasmid is segregationally stable, meaning that at cell division
each daughter receives a copy of the plasmid, it is not lost during cell division.

« There is no conjugation between two bacteria which both carry the conjugative
plasmid.

. A bacterium which has received a conjugative plasmid is immediately capable of
conjugation.

« The population dynamics are the same for conjugative plasmid-carrying bacteria
and non-carrying bacteria (later we will add a metabolic burden for the bacteria
with the conjugative plasmid).

« The mobilizable plasmid is a high copy plasmid and the populations of bacteria
with and without the conjugative plasmid are structured by the number ¢ € Nj
of mobilizable plasmids.

In this chapter, we consider the case that cell division and death rate are constant in
order to first get an idea of the effects of HGT in a toy model. In Section 4.2.2, we
include a metabolic burden for the bacteria with the conjugative plasmid.

Bacteria have mechanisms to ensure that they do not take up a second conjugative
plasmid. Thus, there are is no conjugation between two bacteria both carrying a
conjugative plasmid [37]. A mobilizable plasmid may be transferred if the recipient
already carries a copy of the same plasmid or it may not be transferred. For this
reason, we consider two different models, one for each of the two cases of transfer of
mobilizable plasmids.
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4 Vertical and horizontal gene transfer of plasmids

1. If the donor has at least one mobilizable plasmid, the recipient receives one copy
of the mobilizable plasmid regardless of the number of mobilizable plasmids of
the recipient.

2. The recipient can receive a mobilizable plasmid from the donor only if it does
not already carry a mobilizable plasmid.

A scheme of the model of transfer of mobilizable plasmids in Model 1 and Model 2 can
be found in Figures 4.1 and 4.4, respectively. We proceed as we did for the VGT models
(see Section 3.1). First, we derive two models for the bacterial population structured
by the discrete number of mobilizable plasmids, one for each of the above two cases.
Secondly, we derive continuous models from the discrete models using a continuum
limit.

4.1.1 Discrete models

In the discrete models, we denote by wu;(t) the population size at time ¢ of bacteria
with i € Ny mobilizable with no conjugative plasmid and by v;(t) the population size
of bacteria with ¢+ € Ny mobilizable and one conjugative plasmid. The reproduction
rate of mobilizable plasmids is denoted by 5(2), [ and p are cell division and death rate,
6 is the conjugation rate, and p(i, j) is the probability that the first daughter receives
¢ plasmids at cell division if the mother had j plasmids. We assume that conjugation
is proportional to the fraction of bacteria carrying a conjugative plasmid [60].

First model

First, we consider the discrete model for the case that a donor bacterium with at
least one mobilizable plasmids always transmits a mobilizable plasmid at conjugation
regardless of whether the recipient already carries a mobilizable plasmid or not. A
scheme of the gene transfer of mobilizable plasmids in this model can be found in
Figure 4.1.

We denote the total population size of bacteria at time ¢ by N (1), i.e.,

N(t) = i[w —l

We derive the model equations for the HGT model analogously to the VGT model (see
Section 3.1) and then add terms for HGT by conjugation. The rate of conjugation is
given by 6 and the fraction of bacteria that contain a conjugative plasmid and either
no or at least one mobilizable plasmid, i.e.,

respectively. ) )
We require again, as in the VGT models (see Section 3.1), that 6(0) = 0, b(—1) =0,
and that p satisfies the following two consistency conditions: the condition modeling
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4.1 Derivation of a model including conjugation

No conjugative plasmid One conjugative plasmid
and ¢ € Ny mobilizable and ¢ € Ny mobilizable
plasmids: plasmids:
[ 2 (0]
Up H Vo
ggl:l Yy
o X
Uy f~— N I
Ty
oo Tl
(T il =y Vi1
ggzt;ol Yy
o X
Ui f—— N K
Ty

Figure 4.1: Scheme of gene transfer by conjugation in the first discrete HGT model.
Conjugation occurs only between bacteria with a conjugative plasmid (donors, denoted
by v;) and bacteria without a conjugative plasmid (recipients, denoted by u;). The rate
of conjugation is proportional to the fraction of bacteria with the conjugative plasmid
(N denotes the total bacterial population and 6 the conjugation rate). At conjugation,
the recipient receives a conjugative plasmid, i.e., it moves from the subpopulation
without conjugative plasmid to the subpopulation with the conjugative plasmid. If
the donor carries at least one mobilizable plasmid, then the recipient also receives a
mobilizable plasmid.

that bacteria always divide into two daughter cells, i.e.,

J

Z p(i,j) +p(j—i,5)] =2 forall j €Ny, (4.1)

=0

and the condition on mass conservation of plasmids at cell division

j
Y ilp(i, i) +p(j—i,j)=j forall j>0. (4.2)
=0

.

Therefore, we obtain the following ODE model for HGT via conjugation:

= (8- quwz (0.5) + pli.)) g = g =2 (43)
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4 Vertical and horizontal gene transfer of plasmids

(5+um+ﬁ§jzy—ﬂ@ ﬂMﬁW( D iy — b(3) u;
=t (4.4)

_ 9, ?%0 Uj
= (8- u?m+5§: 0]+%OJH%+GMUV (4.5)
(5+uw+ﬂ§:@@J+p( i, )] v + (i — 1) vy — b(d) v;

. = ) (4.6)
+01~+1 ]1.]'
(wl

N

The first discrete HGT model was numerically simulated using a forward Euler
scheme and the software MATLAB [67]. For constant cell division and death rate,
the mobilizable plasmid is lost in the long run (as in the discrete VGT models) and
the conjugative plasmid takes over the population (see Figure 4.2).

= 50 1 —
k3 a ——no conj. plasmid .7
g 40 ‘5 0.8 |- - conj. plasmid
© g
3
2 30! 206
[
z S
2,20} 504
% £
S 10l &
§ 10 = 0.2
< ‘ 0 -
0 50 100 0 50 100
time [h] time [h]
(a) (b)

Figure 4.2: Numerical simulation of the plasmid distribution in the first discrete
HGT model against time. The parameter values used for the numerical simulations
where f = 0.4/h, u = 0.1/h, the maximal number of mobilizable plasmids N = 100
b(i) = +(N — i), and uniform plasmid segregation, i.e., p(0,0) = 1, p(i,j) = 1 for
all 0 < i < j,0 < j < N. The initial conditions were u;(0) = 2'2 (N —i)? /1000
and v1(0) = 1, v;(0) = 0 for ¢ # 1, i.e., initally there is one bacterium carrying the
conjugative plasmid (and one mobilizable plasmid). We used a forward Euler scheme
with At = 0.01. (a) Average plasmid content of the mobilizable plasmid in the total
population against time. (b) Fraction of bacteria that carry the conjugative plasmid
(red dashed line) and fraction of bacteria without the conjugative plasmid (black solid

line) against time.

For the numerical simulations, we consider again, as for the discrete VGT model, the
case that the cell death rate is increased for plasmid-free bacteria, meaning bacteria
without the mobilizable plasmid. In this case, the mobilizable plasmid is necessary for
the survival of the bacteria as can be the case, e.g., if the mobilizable plasmid carries
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4.1 Derivation of a model including conjugation

antibiotic resistance genes or other resistance genes. We find that in this case the
mobilizable plasmid can persist and the conjugative plasmid spreads throughout the
population (see Figure 4.3).

Second model

Now we consider the second case, i.e., that mobilizable plasmids are transmitted at
conjugation only if the recipient does not yet carry a mobilizable plasmid. A scheme
of HGT of mobilizable plasmids in this model is shown in Figure 4.4.

Analogously to the first model, we obtain the following model equations:

= (6= o+ X p0,5) + . )]s — O 2L (47)

7=1

(5+uuz+ﬁz p(i, ) + p(j — 4, ) uj + b(i — 1) wi—y — b(i) u;

j=1 4.8

— O u; ioovj Y

=(B—pu vo+ﬂZ (0,7) +p(J, J)]vﬁ@uoN (4.9)
7=1

—(B+ ) v1+/32 (1,4) +p(G —1,5)]v; — b(1) vy
=1 (4.10)

XU ST Us
0 ]il J ]10 J
+ (Uo N + uq N

—(B+n) vﬁrﬁz p(i,3) + p(j — i, )] vj + b(i — 1) vy — b(i) v;
=i (4.11)

o0
=0 Uj

The numerical simulations of the second model yielded the same long-term plasmid
distribution as in the first discrete HGT model.

4.1.2 Continuous models

We assume that the mobilizable plasmid is a high-copy plasmid and proceed to the
continuum limit in order to obtain continuous models for HGT by conjugation. We
approximate u;(t) by a smooth function u(z,t), i.e., for A > 0 small we have

ih+%

wilt) ~ / w(z,t) dz ~ u(ih, t) h.

o h
zth

Likewise, we approximate
o U;(t) = Qyu(ih,t) h for i € N,
« v(t) = v(t,ih) h and 0;(t) = Oyw(t,ih) h for i € N,
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4 Vertical and horizontal gene transfer of plasmids
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Figure 4.3: Numerical simulation of the plasmid distribution in the first discrete
HGT model against time. The parameter values used for the numerical simulations
where f = 0.4/h, p(i) = 0.1/h for i # 0 and w(0) = 10/h, maximal number of
mobilizable plasmids N = 100, b(i) = (N — i), and uniform plasmid segregation
kernel. The initial conditions were u;(0) = 2 (N — 7)2/1000 and v;(0) = 1, v;(0) = 0
for i # 1. The solutions were computed using a forward Euler scheme with At =
0.01. (a) The normalized solution u; to the first discrete HGT model against time.
(b) The normalized solution v; against time. (c) Numerical simluation of ,(100).
(d) Numerical simulation of ©;(100). (e) Average plasmid content of the mobilizable
plasmid in the total population against time. (f) Fraction of bacteria that carry the
conjugative plasmid (red dashed line) and fraction of bacteria without the conjugative
plasmid (black solid line) against time.
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No conjugative plasmid One conjugative plasmid
and ¢ € Ny mobilizable and ¢ € Ny mobilizable
plasmids: plasmids:

u

uy

s

0 [e's)

Figure 4.4: Scheme of gene transfer by conjugation in the second discrete HGT model.
Conjugation happens at rate 6 and is proportional to the fraction of bacteria with the
conjugative plasmid (N denotes the total bacterial population). At conjugation, the
recipient receives a conjugative plasmid, i.e., it moves from the subpopulation without
conjugative plasmid to the subpopulation with the conjugative plasmid. There is no
conjugation between two bacteria that both carry the conjugative plasmid. The mobi-
lizable plasmid is only transferred if the recipient does not already carry a mobilizable
plasmid.

E|

. b(i) = b(ih) L for i € N,
o p(0,7) +p(j,7) = ko(jh) for j € Ny, and
e p(i,j) +p(j —i,75) = k(ih,jh)h fori € N, j € N.

As before, we drop the tilde above the discrete parameters for the parameters in the
continuous models.

The function ko(z) models the fraction of bacteria that divide plasmids at cell division
such that one daughter cell receives all plasmids and the other none. Due to the
definition of p (see also (4.1)), it holds that

Thus, it holds that ky(z) € [0, 1] for all z > 0 and k¢(0) = 2. Furthermore,

j—1
2ko(jh) + > _ k(ih,jh)h =2 forall j €N
i=1
implies that

Z/

2ko(2") + / k(z,2")dz=2 forall 2’ >0,
0

where z := ih, 2/ := jh, and we took the limit A — 0. This condition models that
every bacterium always divides into two daughter cells (see e.g. [30,69]). Moreover, the
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4 Vertical and horizontal gene transfer of plasmids

definition of k£ implies symmetry in the sense of
k(z,2') =k(z' — 2,2') forall z, 2’ € Ryy.

The condition on mass conservation of plasmids at cell division (4.2) yields
2 ko(2') + /z k(z,2")dz= 2" forall 2’ > 0.
0

We assume for the remainder of this chapter that all of the above consistency conditions
on kg and k are satisfied.
Let N(t) be the total population size at time ¢ in the continuous model,

N(t) :=uo(t) +vo(t) + [ u(z,t) +v(z,1t) dz.

First model

With the continuum limit approximation, equation (4.3) is given by

vo + X3, vlt, jh) b

do = (B =) w0+ B2 Ko(Gh)ulih, ) h = Ouo o = T A

J=1

With jh =: 2/ and in the limit h — 0, we obtain

io(t) = (8 — ) uolt) + B Zko(z’) (1) do' — Ne(t) (1) (vo(t) 4 0711(2’, ) dz’) |
In the same way, we obtain for (4.4) the following equation
Drulin, ) h = — (B + u) ulih, ) h + B ko(ih) u(ih, t)h+ B S k(ih, jh) hu(ih, t) b
=it
+ L b(ih — B u(t,ih — by — }llb(z'h) w(ih, ) b

h
£ ot jh) h
—Gu(ih,t)h ot Ljvlbih
up + vo + 2252 [u(jh,t) h +v(t, jh) h]

Dividing by h, defining z := ih, 2z’ := jh, and passing to the limit h — 0, yields

Ou(z,t) + 0, (b(2) u(z,t) = — (B + p) u(z,t) + Bko(2) u(z,t) + B / k(z, 2" u(2',t) d2’

u(z,t) (vo(t) —1—/1)(2’,15) dz’) :

Analogously, the continuous equations for v can be derived from (4.5) and (4.6) for

ie N\ {1}.

0
N(t)
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4.1 Derivation of a model including conjugation

Equation (4.6) for i = 1 will give a boundary condition:

01 = — (B4 p)v + B p(1,1) 4+ p(0,1)] vﬁrﬁZ (1,5) +p(j — 1,4)] v; — b(1) vy

j=2
Vo 15
+0|lu—=+u = .
(103 +u™5)
With the continuum limit approximations for v;(t), b, and p and i = 1, equation (4.6)
reads

Ow(t,h)h == (B + p)v(t,h) h+ Bko(h)v(t,h) h+ i k(h,jh) ho(t, jh) h

=2

1 v vt h)h
—hb(h)v(t,h)h+6(u(t,h)hﬁ(;JruoJ_1N(>>.

Defining again 2’ := jh and letting h — 0, we obtain the boundary condition

o

b(0) v(t, 0) = Ne(t)uo(t) / (2 1) d2.

Therefore, we have an influx caused by conjugation events between bacteria with both
conjugative and mobilizable plasmids (v(z,t)) and bacteria without conjugative or
mobilizable plasmids (ug).

Overall, the first continuous model is given by:

to(t) = (8 — p) uo(t) + 50/1470(2') u(z' t) dz' — Ne(t) ug(t) (Uo(t) + O/U(z', t) dz’) :

(4.12)
ou(z,t) + 0, (b(2) u(z,t) = — (B + p) u(z,t) + B ko(2) u(z,t)

+ﬁ/k(2,z’) u(z/’t) dz — ]\70(t)u<z7t) (Uo(t) + /U(Z/,t) dz’) ’ (4.13)

bo(t) = (8 — p) vo(t +ﬁ/ko (', t) d2' +N9(t) up (1) vo(t), (4.14)
O (z,t) + 0. (b(2)v (z,t)) = — (B4 p)v(z,t) + Bko(z) v(z,t)

+5/k’(zazl)v(2/at) ' Ne(t) u(z, 1) (Uo(t) +/v(z’,t) dz') : (4.15)

0

o0

b(0) v(0, 1) = Nit)uo(t) / (2, 1) d. (4.16)

For the population without a conjugative plasmid we impose a zero flux boundary
condition as in the VGT model (as can be seen from the scheme of the first HGT
model in Figure 4.1 there is no influx into u(z,t) caused by conjugation):

b(0) u(0, 1) = 0. (4.17)
The first HGT model is then given by equations (4.12) to (4.17).
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4 Vertical and horizontal gene transfer of plasmids

Second model

The second continuous model can be derived analogously to the equations for the first
model. One obtains the exact same equations as for the first continuous model, i.e.,
equations (4.12) to (4.16) with boundary condition (4.17) for w.

We obtain the same continuous model for HGT via conjugation for the two different
cases of transmission of a mobilizable plasmid, viz. either the donor always transmits
the mobilizable plasmid or it does so only if the recipient does not contain a mobilizable
plasmid. The difference between these two cases is that a recipient receives either
one additional mobilizable plasmid or none. When taking the continuum limit the
compartments of the discrete model move closer together and the difference of one
mobilizable plasmid becomes negligible. Therefore, we obtain the same dynamics in
both cases.

Remark 4.1. If in this model either all or no bacteria contain a conjugative plasmid,
then there is no conjugation anymore. If the conjugative plasmid is lost, then there
cannot be any conjugation and if all bacteria have the conjugative plasmid, then there
is no conjugation because conjugation takes place only between bacteria with the con-
jugative plasmid and bacteria without it. The model is thus reduced to the model for
VGT of plasmids that we have studied in Chapter 3.

Remark 4.2. Plasmids can be interpreted as parasites with bacteria as their host. Thus,
we expect the model to be similar to epidemic models for parasite load per individual
[44,54,86]. Epidemic models can be classified as prevalence or density models where
the former classify the host by states such as “susceptible” or “infected” and the latter
take into account the explicit number of parasites [44]. We have two different types of
parasites in our model, the conjugative plasmid and the mobilizable plasmid, and we
take into account only the explicit number of the mobilizable plasmid but not of the
conjugative plasmid. For this reason, our model is a combination of the VGT model
with a prevalence model such as the SIR model [52] rather than a density model.

4.2 Analysis of the model including conjugation

For the model without conjugation, existence of solutions can be shown using the theory
of semigroups of operators (see Section 3.3.1). We expect that existence results can be
extended to the model with conjugation using perturbation theory (see, e.g., [51,82]
and [50,63]).

4.2.1 Model without metabolic burden

In this section, we analyze the long-time development of a solution to the continuous
model given by equations (4.12) to (4.17). We do so by considering the proportion of
bacteria that contain the conjugative plasmid and consider the long-time development
of this proportion. If all bacteria either lose the conjugative plasmid or carry it, then
by Remark 4.1, we know that the long-time behavior of the bacterial population is as

in the VGT model.
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4.2 Analysis of the model including conjugation

Recall that the total population size of the bacterial population N (t) is given by
[e.e] (e e]
+/uztdz+vo +/v(ztdz
0 0

and satisfies the equation
Therefore,

We project the continuous model by defining

~u(t) ~u(z,t)

" . . o vo(t) . v(z,1)
Uo(t) := N u(z,t) = N Do(t) == N (D)’

and 0(z,t) =

i.e., we consider the proportions of bacteria with neither the conjugative nor mobilizable
plasmids, without the conjugative but with mobilizable plasmids, with the conjugative
but without mobilizable plasmids, and with both the conjugative and mobilizable plas-
mids, respectively. It holds that

Lo do(t)  ug(t) N(t) ot _
to(t) = N@O NG NG N (B — w)io(t),

analogously for u(z,t), 0y, and ¥(z,t). Therefore, we obtain the following rescaled
equations

ﬁ/ko (2 t) dz’ — O ig(t) (ﬁo(t) + 717(2’,15) dz’) : (4.18)
Otu(z,t) + 0. (b(2) u(z,t)) = —2Pu(z,t) + Bko(z) a(z,t)
( 7 ,) (4.19)
—l—ﬂ/kzz (2, t)dz" — O u(z,t) | ot +/ t)ydz"|,

3/k0 (2", 1) d2' + 0 ao(t) To(t), (4.20)

8tv(z,t)+0( (2)0(z,t)) = —280(2,t) + Bko(2) 0(z,1)
( “~ ) (4.21)
+5/kzz (2',t) dz" + 0 u(z,t) +/vzt

with boundary conditions

b(0) 5(0, 1) = /@zt 2 and b(0)a(0,£) =0 for all ¢ > 0.
0
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4 Vertical and horizontal gene transfer of plasmids

The proportions of cells without and with the conjugative plasmid are given by
U(t) := to( +/ (z,t)dz and V(t) := 9y —i—/f}zt
0 0

respectively.
We can now solve the differential equation for U(t) and give the solution explicitly.
Lemma 4.3. The proportion of cells without the conjugative plasmid U(t) is given by

1
e (& —1)+1

U(t) =

where Uy := U(0). Therefore, ltlirn U(t) =0 for every Uy € (0,1).

Proof. With equations (4.18) to (4.21), we find that the functions U(t) and V() satisfy
the following equations:

U't)=—-0U@)V(t), and V'(t)=0U(t)V(t),

where the initial values are Uy = U(0) and Vy = V(0), Uy, Vo € (0,1). As U(t) and
V (t) are defined as the fraction of bacteria without the conjugative plasmid and with
the conjugative plasmid, respectively, it holds for all t > 0 that V(¢) + U(t) = 1. We
use separation of variables and V' (t) = 1 — U(t) to compute the explicit solution

1
Ut) =
eft (Uio - 1) +1
and analogously
ot
V(it) = 77—
The limit of U(t) for t — oo follows immediately and the proof is finished. O]

In Figure 4.5 the development of the proportion of bacteria without the conjugative
plasmid over time is plotted for different initial values Ujy. We see that in the long run
almost all cells will contain a conjugative plasmids as tlim U(t) =0 for all Uy € (0,1).

This is to be expected as in our model there is no disadvantage for bacteria containing
the conjugative plasmid like a decreased cell division rate and bacteria cannot refuse
to accept the conjugative plasmid.

In the long run, all bacteria will have a conjugative plasmid, the population will then
behave as the bacteria without HGT. This is due to the fact that we have included in
our model that there is no HGT between cells containing a conjugative plasmid (see
Remark 4.1).
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Figure 4.5: The proportion of bacteria without conjugative plasmid U(t) over time ¢
for # = 0.5 and initial values Uy = 0.99, 0.9, 0.7, 0.5, 0.3, and 0.1.

4.2.2 Model including metabolic burden for the conjugative
plasmid

We analyze again the long-term behavior of the subpopulation without conjugative
plasmid, but now we also include a metabolic burden for bacteria carrying the con-
jugative plasmid.

The metabolic burden is modeled by the parameter ¢ € [0, 1] where for 6 = 1 there is
no metabolic burden and for § = 0 the metabolic burden for cells with the conjugative
plasmid is so high that they become inactive, meaning there is no plasmid reproduction
or no cell division. Hence, ¢ is the factor by which plasmid and cell reproduction are
reduced due to metabolic burden. The continuous model with metabolic burden is

0
Up(t) = (B — ) up(t +5/k‘0 Zt)dZ—N<)Uo (Uo +/ (2',1) )

(4.22)

owu(z,t) + 0, (b(2) u(z,t) = — (B + p) u(z, t) + B ko(2) u(z,t)
—i—ﬁ/k(z,z’)u(z/,t) dz' — Ne(t)u(z,t) (’Uo(t) + /v(z’,t) dz’) , (4.23)
bo(t) = (08— p)vo(t) + 6 / ko(2)v(2 ) d2' + Nit> uo(t) vo(t), (4.24)

Ow(z,t) 4+ 0, (0b(2) v(z, ))——((56—1—/1)1}(2 t)+ 6B ko(2)v(z,1)
+5B/kzz v(2, t)dz+N9<t)uzt (’Uo +/v ) (4.25)
d6(0)v(0,1) 71} b(0) u(0,t) =0 forall £ > 0. (4.26)

We use the same notation as before | i.e.,

—|—/uzt dz + vo(t —|—/U
0 0
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4 Vertical and horizontal gene transfer of plasmids

and

N =BT+ 65V,

As in the case without metabolic burden, we can give the function U(t) explicitly and
compute the limit for ¢ — oo.

Lemma 4.4. The proportion of cells without conjugative plasmid U(t) in the model
with metabolic burden for cells with the conjugative plasmid given by equations (4.12)
to (4.26) satisfies

1
_ — 1
e0-8(1 5)”(7—

0

U(t) =

)+1
where U(0) = Uy € (0,1). Therefore, it holds that

(i) if 0 — 5(1 —0) <0, then Jlim Ut) =1,

(ii) if 0 — 5(1 — &) =0, then U(t) = Uy, and
(1i7) if 0 — (1 —0) > 0, then tliglo U(t) =0.

Proof. Note that by definition of U(t) and V (), U(t) + V (t) = 1. Therefore,

(t) 8tu(z t) N(t)‘u(z,t) 8
t NG o

N N
(0+38— ) U@ V(2)
(

U(t) _ o (t) _ UO((t) i
= (B=p)U(t)—(B—p) U(t) —
=(B=WUA)=B-p)UX)=(0+68—p)U1) (1 -U(t))
=(B-08-0)Ut)—(B—-08-0)U1)
—(@=B1-=9)Ul)(1-U({)).

We use again separation of variables to find the explicit solution

1
e(0—8 (1-0))t (A

Uo

U(t) =

—1)+1'

The rest of the lemma then directly follows. O]
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Figure 4.6: The proportion of bacteria without conjugative plasmid U (t) in the model
with metabolic burden over time ¢t for 6 = 0.5, 6 = 0.1, § = 1 and initial values
Uy =0.99, 0.9, 0.7, 0.5, 0.3, and 0.1.

Therefore, for 6 # $(1—0) in the long run either all bacteria will have the conjugative
plasmid or no bacteria will have the conjugative plasmid depending on the sign of
0 —p(1—9), i.e., depending on whether the cell division rate in bacteria with metabolic
burden is high compared to the conjugation rate. Either way, we again end up in the
long run with a population without HGT by conjugation.

In this model, we considered the case that the population dynamics are the same for
bacteria that carry the conjugative plasmid and bacteria that do not carry a conjugative
plasmid. Moreover, we considered the cell division rate 3 to be constant. We expect
that for suitable non-constant § and different population dynamics (caused, e.g., by the
metabolic burden of the conjugative and mobilizable plasmid to the host bacterium)
there is an equilibrium such that there are both bacteria with the conjugative plasmid
and bacteria without the conjugative plasmid in the long run.

There are many ways to extend this model. For example, one can consider different
population dynamics and non-constant cell division rate. Since conjugation can only
take place when a cell-to-cell connection between recipient and donor is established, the
spatial structure of bacteria can be included. Also, the inclusion of a nutrient or food
source for bacteria is possible as conjugation depends strongly on the physiological
state of the bacteria [57]. Other possibilities are including a minimal time between
conjugation events, a trade-off between VGT and HGT, or pheromone signaling for
conjugation.
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5 Conclusion

In this thesis, we considered different models for vertical and horizontal gene transfer
of plasmids in a bacterial population. Firstly, we derived two different models for
VGT only. These two models differ in the distribution of plasmids at low plasmid
numbers resulting in a singular and regular plasmid segregation kernel, respectively.
This difference in the kernel gave the two models for VGT their names, singular and
regular VGT model, respectively. For each of the two models, we started with a
system of ODEs modeling the bacterial population structured by the discrete number
of plasmids. By proceeding to the continuum limit, we derived continuous models,
so-called growth-fragmentation-death models, for VGT of plasmids.

In Section 3.2, we have shown existence of an eigensolution to the regular VGT
eigenproblem using regularization, theory of positive operators, and compactness. We
further analyzed the eigenproblem by spectral analysis. With a transformation and
variation of parameters, we have related the spectrum of an integro-differential operator
to the spectrum of an integral operator. In this way, we could show that there is a real
dominant simple eigenvalue using compactness and theory of positive operators again.

In the case of the singular VGT model, in Section 3.3, we do not have compactness
and therefore used a different approach. Existence of an eigensolution for constant
cell division and death rate, logistic plasmid reproduction, and scalable plasmid seg-
regation kernel was shown using several transforms, including the Laplace transform.
Due to lack of compactness, the spectral analysis did not yield existence of a dominant
eigenvalue but that there are no elements in the spectrum with larger real part than
the eigenvalue A =  — u. Hence, instead of spectral analysis, we used the General-
ized Relative Entropy method to show that the eigenfunction is asymptotically stable
under assumption on the initial plasmid distribution, the eigenfunction, and the dual
eigenfunction.

The proof of existence of an eigensolution for the singular VGT model was con-
structive and resulted in a method to construct the eigensolution to both VGT models
numerically. The method used was fixed point iterations on subintervals of the domain
that converge by the Banach Fixed Point Theorem. The eigensolutions for both the
regular and the singular model were constructed numerically in this way for visualiza-
tion. The numerical construction of the eigenfunction indicates that in the long-run
the plasmid segregation mode, uniform, unimodal, or bimodal, does not influence the
plasmid distribution. In each case, a large proportion of bacteria has no or only few
plasmids. The fraction of bacteria with few plasmids increases monotonously with the
constant cell division rate, as would be expected, and a change of the constant cell
death rate does not influence the distribution of plasmids but only the growth of the
bacterial population.

In the fourth chapter, we modeled vertical and horizontal gene transfer by conjuga-
tion. We considered two different cases of transmission of mobilizable plasmids, viz.
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5 Conclusion

that they are only transferred if the recipient does not have a mobilizable or that they
are transferred regardless of whether the recipient carries a copy of the mobilizable plas-
mid. In the continuum limit, one obtains the same continuous model in both cases.
The proportion of bacteria without the conjugative plasmid grows to 1 in the long-run,
i.e.; all bacteria will carry the conjugative plasmid in the long-run in this model. If the
metabolic burden for the conjugative plasmid is too high, then it is lost.
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List of Abbreviations and Notation

Abbreviations:

a.e.
GRE
HGT
ODE
PDE
VGT

w.r.t.

almost every(where)
Generalized Relative Entropy
Horizontal Gene Transfer
Ordinary Differential Equation
Partial Differential Equation
Vertical Gene Transfer

with respect to

Notation used in the models:

density of bacteria structured by plasmid number z and time ¢
plasmid reproduction rate

cell division rate

cell death rate

plasmid segregation kernel

plasmid segregation for a scalable kernel

threshold for plasmid segregation, i.e., bacteria with fewer than m plas-
mids give all plasmids to one daughter cell at cell division

maximal plasmid number

eigenfunction for the VGT model

dual eigenfunction for the VGT model

conjugation rate

density of bacteria with a conjugative plasmid, structured by the

number of mobilizable plasmids z and time ¢

Mathematical symbols and notation:

N=1{1,23,...}
NOI{O,LQ,...}

R

real numbers
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List of Abbreviations and Notation

R.g positive real numbers
R non-negative real numbers
C complex numbers

L'((a,b)) Lebesgue integrable functions on (a, b)

L ((a,b)) Lebesgue integrable functions on (a, b) that are non-negative a.e.
LP((a,b)) functions on (a,b) whose p-th power is Lebesgue integrable
L*>((a,b))  measurable functions on (a, b) that are bounded a.e.

W*P((a,b)) Sobolev space of k times weakly differentiable functions in L?((a, b))

C°%([a, b)) continuous functions on the interval [a, b]
C"([a, b)) functions on [a, b] with continuous derivative up to order n € N
K* interior of the set K

K closure of the set K

X* dual space of X

X CcCcY X is compactly embedded in Y

B (X) closed unit ball in the Banach space X
D(A) domain of the operator A

1 identity operator

[ Mlop operator norm

(R supremum norm

Lip(+) Lipschitz constant

R(2) real part of z € C

3(2) imaginary part of z € C

xa(z) characteristic function

[ ceiling function

() positive part

sgn(-) sign function

log(+) natural logarithm

f= L{f} Laplace transform of the function f
L7Hf} inverse Laplace transform of the function f
f~gata glci_rgjgcg;:CG(O,oo)

f*g convolution of the functions f and g
g n-fold convolution of f with g

wli)rg, Illg{ right-, left-sided limit

%, Cfi—; right-, left-sided derivative

ot, 0~ right-, left-sided partial derivative
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Mathematical symbols and notation

derivative w.r.t. time of u(t)
resolvent of the operator A
spectrum of the operator A
point spectrum of the operator A
resolvent set of A

spectral radius of the operator A
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Index

Bounded exponential growth, 13 Transformation, 9
Conjugation, 7 VGT model
Continuum limit, 25, 113 regular, 30, 31

singular, 26, 31
Eigenproblem

regular VGT model, 33

singular VGT model, 58
Eigenvalue, 14

dominant, 14

simple, 14

First daughter, 20
HGT model, 117
Mild solution, 17

Operator
positive, 11
semi-non-supporting, 12
strictly positive, 12

Plasmids, 5
conjugative, 7
high-copy, 1, 5
in biotechnology, 6
low-copy, 1, 5
mobilizable, 7

Scalable kernel, 27
Second daughter, 20
Segregational stability, 7
Semi-non-supporting operator, 12
Semigroup, 15
C%-semigroup, 16
infinitesimal generator, 16
property, 15

Transduction, 8
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