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Abstract

Plasmids are considered a major driving force of bacterial ecology and evolution. Unlike
bacterial chromosomes, plasmids frequently move horizontally from one cell to another.
Although plasmid horizontal transmission is usually intraspecific, it can often occur be-
tween phylogenetically distant organisms. The collection of distinct organisms that a
single plasmid can infect is called the host range. Despite many of the mechanistic bar-
riers limiting host ranges are well known, it is not clear how plasmid host ranges evolve.
Evolutionary studies on plasmid host ranges have shown these ranges are very dynamic.
Here, I ask what is the expected change in plasmid host range assuming the plasmid’s
main objective is to increase its fitness. To answer this question, first it is necessary to
identify the components of plasmid fitness on which natural selection can act upon. To
derive such components, I develop an eco-evolutionary model of plasmid population dy-
namics. Specifically, I perform an evolutionary invasion analysis of a trait encoded on a
plasmid that affects host growth, competition, conjugation, and plasmid loss. From this
analysis, I obtain a fitness function to predict the invasion prospects of a plasmid mutant
in an existing plasmid population. My results indicate that there are multiple ways in
which plasmids can increase their fitness. I further my analysis by considering trade-offs
between different life history traits of the plasmid and discuss possible implications of
the plasmid fitness components on host range dynamics. In other words, I discuss how
plasmid host ranges would be expected to evolve given the maximization of the plasmid

fitness components under scrutiny.

1 Introduction

Plasmids are autonomously replicating mobile extra-chromosomal DNA molecules widely
distributed across bacteria (Box 1). Typically, plasmids carry genes encoding plasmid-
specific functions, such as self-replication, partitioning, and transfer (Bennett, ). In
addition, plasmids may encode a myriad of mechanisms for bacterial local adaptation: re-
sistance to antibiotics (Martinez, ) and heavy metals (Hall et al., ), metabolism

of rare carbon compounds (Brinkmann et al., ), and production of bacteriocins and



virulence factors (Buchrieser et al., ; Brown et al., ), enabling their bacterial

hosts to colonize and compete in natural communities (Levin, ; Rankin et al., ).

Plasmids are among the main drivers of horizontal gene transfer (HTG) in bacterial popu-
lations. HGT is mediated by four main mechanisms: conjugation (Lederberg and Tatum,

), transduction (Zinder and Lederberg, ), transformation (Griffith, ), and
vesiduction (Erdmann et al., ). All of these mechanisms give plasmids and other
mobile genetic elements control over their transmission, independent of the transmission
of the bacterial chromosome. This difference in transmission patterns creates a poten-
tial conflict between the fitness interests of the host chromosome and the fitness interests
of the plasmid. Importantly, plasmid horizontal transmission can occur between phy-
logenetically distant organisms. The collection of different organisms a single plasmid
can infect is called the host range of the plasmid (Norman et al., ). Host ranges can
vary from a few members of a bacterial class to members of different domains of life
(White et al., ). Mechanisms limiting host ranges include replication barriers, such

as the number and structure of replication origins, mobilization barriers such as surface

exclusion and host defense systems (Wheatley and MacLean, ), and other structural
barriers such as the number of sites for restriction enzymes (Thomas and Nielsen, ;
Jain and Srivastava, ).

Studies on plasmid host range evolution have shown host ranges are very dynamic (Fig-
ure 1). For example, evolutionary experiments of the plasmid pMS0506 have shown that,
when evolved in Shewanella oneidensis during 500 generations, pMS0506 exhibits a shift
in host range compared to the ancestral pMS0506. That is, after specialization in S. onei-
densis, the evolved pMS0506 is no longer stable in hosts where the ancestral pMS0506
is (Sota et al., ). In contrast, when evolved in Pseudomonas moraviensis, pMS0506
expands its host range compared to the ancestral plasmid (Loftie-Eaton et al., ). No-
tably, most genomic changes during specialization observed in both experiments occurred
in the plasmid. These results highlight the importance of plasmid evolution in shaping
plasmid host ranges, as well as the difficulties to formulate general conclusions from sin-

gle experiments.



In this master project, I focus on plasmid evolution and its consequences on host range
dynamics. I assume there is a trait x encoded on a plasmid that affects host growth, com-
petition, conjugation, and plasmid loss. To study plasmid evolution via the evolution of
trait x, I develop an eco-evolutionary model of plasmid population dynamics and per-
form an evolutionary invasion analysis. The result of an invasion analysis is a fitness
expression that predicts the fate of an invading plasmid mutant in a resident plasmid
population. For this project, such expression is a function of plasmid fitness that depends
on the trait x. I discern this function to answer two questions: What are the components
of plasmid fitness? and whether Are those components context depend?. Understanding the
components of plasmid fitness on which natural selection can act upon provides insights
to understand when and why would plasmids evolve broader or narrower host ranges un-
der specific conditions. I focus my discussion in the possible implications of the plasmid
fitness components one general question: When do plasmid host ranges are expected to be

maintained or expanded?
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Figure 1 Host range dynamics. A | (i) An ancestral bacterial community in which a plasmid (purple) can
infect two different species. (ii) Plasmid-host co-evolution results in an evolved plasmid (blue) and an evolved
host. B | Possible changes in host range after introducing the evolved plasmid (blue) into the ancestral

bacterial community.

2 An eco-evolutionary model of plasmid population dynamics
The ecological model

My model is an extension of a model described in Daras, . I consider a large bac-
terial host population where cells can belong to two distinct states or sub-populations:
plasmid-free, Ny, and plasmid-bearing, Ny, (Figure 2). Ny and N cells are born at rates
ro and ry, respectively. Plasmid-free cells can become plasmid-bearing cells as a result
of plasmid horizontal transmission. I assume horizontal transmission relies on conju-
gation, which occurs at a conjugation rate constant ¢;. Similarly, plasmid-bearing cells
can become plasmid-free cells as a result of plasmid loss, which occurs at a rate constant
A1. Competition is characterized by the Lotka-Volterra equations (Lotka, ; Volterra,

), which describe an additive effect of competition within and between host sub-
populations. The following system of ordinary differential equations describes the eco-
logical model. The notation X stands for a time derivative. All model variants are listed

and explained in Table 1.
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Figure 2 A Lotka-Volterra competition model for plasmid population dynamics. Host states, plasmid-free
(Ng) and plasmid-bearing (N7), are indicated by ellipsoids. A bacterial plasmid is illustrated in purple. Gray
arrows correspond to transitions between host states and their associated letters correspond to their rates:
Ny cells become Nj cells at a conjugation rate ¢y, while N cells become Nj cells at a loss rate A;. Host

competition is depicted in brown arrows. «;;j describes the effects of competition by host j over host i.

The eco-evolutionary model

Here, I assume there exist a plasmid-encoded allele, x, that affects host growth, com-
petition, horizontal transmission and plasmid loss. In other words, all rate constants
described in equation 1 are now functions of x. Hence, the system of equations 1 can be

rewritten as:

Ny =Ny (ro — agoNo — @g1 (x)N7) + A1 (x)N1 — Noco; (x)N; (2a)

Nj =Nj (r1(x) = a1(x)No — a1 (x, X)N7) + co1 (x)NgNy — A1 (x)N; (2b)

To consider the evolution of the allele x, I assume x can mutate, giving rise to a mu-

tant allele, x,,, and a new host state, N, (Figure 3). Now, Ny, N; and N,, are born at
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rates rg, r1(x) and ry(x,,), respectively. Events of plasmid horizontal transmission, plas-
mid loss and host competition in N; and N,, differ only in their dependency on x or x,,,
respectively. Importantly, all traits involving two plasmid-bearing cells, such as plasmid
conjugation or host competition between N; and N,, cells are assumed to be influenced
by the plasmid-encoded allele, x or x,,, in each host cell. For this reason, all traits involv-
ing two plasmid-bearing cells are functions of two parameters. For instance, c11(x,,, x)
describes the conjugation rate between N; and N,, cells for the horizontal transfer of a
mutant plasmid into a host carrying the resident plasmid. Likewise, cq;(x,x,,) describes
the horizontal transfer of a resident plasmid into a host carrying the mutant plasmid —
notice order of the arguments on each function changes. Notably, I assume co-infections
are not possible. In other words, different plasmids cannot coexist within the same host
cell. This is supported by assuming that the plasmids encoding for x and x,, belong to
the same incompatibility group (Del Solar et al., ). To model plasmid incompati-
bility, I assume that, immediately after conjugation between two plasmid-bearing cells
(i.e. between N; and N,, cells), one of the plasmids prevails within the cell with certain
probability. For the mutant allele, x,,, this probability is given by p(x,,, x), while for the
resident allele, x, this probability is given by p(x, x,,,). Therefore, the effective conjugation
rate between two plasmid-bearing cells is given by ¢(x,,,x) = c11(x,,, X)p(x,,, x) for the
transition from N; to N,,, and by ¢(x,x,,) = ¢11(x, x,,,)p(x, x,,,) for the transition from N,, to
Ni. The full eco-evolutionary model is described by the following system of equations.

The notation X stands for a time derivative. All model variants are listed in Table 1.

Ny =No (1o = @goNo — @o1 (x)N1 = a1 (X)Npy) + A1 ()N T+ A1 (%) Ny
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Figure 3 An eco-evolutionary model for plasmid population dynamics. Host states, plasmid-free, Ny,
plasmid- N1 and Ny, are indicated in ellipsoids. The resident plasmid is shown in purple and the mutant
plasmid is shown in blue. Arrows depict transitions between host states and their associated letters corre-

spond to the rates of those transitions. Bacterial competition is not shown.

Table 1 Notation of variables and parameters of all models

Variables

Ny Density of plasmid-free cells

N, Density of cells carrying a resident plasmid

Ny, Density of cells carrying a mutant plasmid

fa Frequency of cells carrying the resident plasmid

fs Frequency of cells carrying the mutant plasmid

n Total population density

Parameters

Ty Plasmid-free cells maximal per-capita growth rate

r1(u) Plasmid-bearing cells maximal per-capita growth rate, where u € {x, x,,}
ago Plasmid-free intra-specific competition coefficient

a;j(u) Plasmid-bearing and plasmid-free cells competition where i,j € {0,1} and i = j

and u € {x,x,,}



aq1(u,u)  Plasmid-bearing cells competition coefficient, where u € {x, x,,}
aq1(u,v)  Plasmid-bearing cells competition coefficient, where u,v € {x,x,,} and u = v
Aq1(xg) Plasmid loss rate, where k € {1, m}
¢ij(xk) Plasmid conjugation rate, where i # j and i, ] € {0, 1}
and k,I € {1, m}
p(xk, x1) Probability of plasmid k of winning plasmid-plasmid competition where
k#1andk,I €{1,m}

P(x;,x;) Effective conjugation rate between plasmid-bearing cells where 7, j € {1, m}

3 Evolution analysis

To study the evolution of the plasmid-encoded allele, x, I performed an evolutionary in-
vasion analysis (Metz et al., ). In an evolutionary invasion analysis, the population
is assumed to be initially monomorphic for the allele of interest. In my model, that means
that all plasmids encode for the same allele x. This so-called resident population can po-
tentially be invaded by a plasmid encoding a mutant allele x,,. The direction of evolution
can be inferred by determining the alleles that can successfully invade the population.

Importantly, I assumed the bacterial host does not co-evolve with the plasmid.
Studying the dynamics of the resident population

For my analysis, I assumed mutations to occur rarely enough such that the resident pop-
ulation reaches its dynamic equilibrium (attractor) before a new mutant arises. At equi-
librium, the growth rate of the resident population equals zero. In this way, the resident
equilibrium sets the environmental conditions that must be met for the mutant to invade.
In the case of my model, the invasion condition could not be computed by directly solv-
ing for the dynamic equilibrium of equation (1) (i.e. setting equation (1) = 0). For this
reason, I assumed selection to have weak effects on the phenotype. More specifically, I
assumed that the effect of the plasmid-encoded allele on the phenotype is small. Mathe-
matically, that means that all the effects of the plasmid on the different phenotypes of the

host will be of order € with € ~ 0. Importantly, the assumption of weak selection creates



a change of variables (Table 2). For instance, the loss rate of the resident plasmid, A;(x),

is now described by a baseline loss rate, A, in addition to a small deviation in this base-

line value caused by the plasmid, eo(x). In the following equations, all letters without

subscripts are baseline parameters and all functions of x are the deviations in the value

of those parameters caused by the plasmid trait. Selection can only act over those small

deviations.

Table 2 Change of variables assuming weak selection

Variables

r Baseline bacterial replication rate

a Baseline bacterial competition coefficient

c Baseline plasmid conjugation rate

A Baseline plasmid loss rate

B Advantage of a mutant plasmid in plasmid-plasmid competition

p1(x) Deviation in host growth rate (cost) caused by the plasmid-encoded trait x

o01(x) Deviation in plasmid loss caused by the plasmid-encoded trait x

Y0,1(x) Deviation in conjugation rate between plasmid-free and plasmid-bearing
cells driven by the plasmid-encoded trait x

71,1(x,x,;) Deviation in donor/recipient preference at conjugation between two
plasmid-bearing cells caused by the plasmid-encoded traits x and x,,

ay o(x) Deviation in competition coefficient between plasmid-free and
plasmid-bearing cells caused by the plasmid-encoded trait x

aj1(x,x,) Deviation in competition coefficient between plasmid-bearing cells

driven by the plasmid-encoded traits x and x,,




Under the new set of variables, the equilibrium of (1) is given by:

A

r

* *

n = - :]_——
a’ fa cn*

(4)

Where, 1 is the total population size and f, is the frequency of plasmid-bearing cells. r is
the baseline replication rate, a is the baseline host competition coefficient, A is the basal

loss rate and c is the baseline conjugation rate.

To quantify the deviation of the equilibrium by means of weak selection, I add sub-

correction terms, edn and €of4 into equation (4):

. T . A ]
n a+en fa m*+efA (5)

Equation (5) indicates that the total population density at equilibrium depends on the
baseline bacterial replication rate and the strength of bacterial competition. In other
words, the total population density at equilibrium does not depend on the dynamics of
the plasmid. On the other hand, the the frequency of plasmid-bearing cells depends on
their growth dynamics as well as on the dynamics of plasmids (i.e. loss and horizontal

transfer rates).
Stability analysis for the resident equilibrium

To determine the local stability of the resident equilibrium, equation (5), I derived the

Jacobian matrix of the system, J,;:



If the real part of the dominant eigenvalue of J,.s, s(J,.s), is strictly negative (i.e. < 0),
then the system is stable at the resident equilibrium. Thus, the stability condition is given
by s(Jres) = A — gc < 0. That is, as long as the plasmid loss rate is less than its conjugation
rate, escalated by host grow, plasmid-free and plasmid-bearing can be stably maintained

in the population.
Evaluating the gradient of selection

Now I introduce the plasmid-encoded mutant allele, x,,, into the resident population at
equilibrium (equation (3) and Figure 3). The mutant will invade the resident population
if its invasion fitness, or growth rate when rare, is greater than zero. Given that my model
is fairly complicated, it is not possible to obtain a complete expression of the invasion
fitness. Instead, I will focus on its first order approximation for values of x,, close to x, to
derive the so-called gradient of selection, G(x). The sign of G(x) determines the direction
of evolution. Positive selection gradients imply that the trait will increase, and negative
selection gradients imply the trait will decrease. In other words, if G(x) > 0, the mutant

allele x,, will invade if x,,, > x, and if G(x) < 0, the mutant allele x,, will invade if x,, < x.

To derive G(x), first, I assume plasmid-bearing cells and plasmid-free cells have repro-
ductive values that are ‘close’ to one another because the effect of the evolving trait on
the phenotype is small. In other words, plasmid-bearing cells are only slightly different
from plasmid-free cells, such that selection on the plasmid is weak. Second, I assume the
mutant and resident plasmid are only slightly different, so that the fitness difference be-
tween mutant and resident plasmids is small as well. For further details in how to obtain

G(x) see the Appendix.

For my eco-evolutionary model, the gradient of selection is given by:

A
Gl = e[28( L= A) vt - of0+ 5 (=2 ) (v e o1 ) .
6
A, A ,
+ ;7{0,1}(3() + ;(a{(} ?})(X, x) — (X{l’o}(x))— za{l 1}(x, x)]



The notation C{(i’?})(y,x) refers to the partial derivative of C with respect to the first ar-
gument, v, and C{(?"ll})(y,x) refers to the partial derivative of C with respect to the second
argument, x. C’(x) is the derivative of C with respect to its unique argument x. Descrip-

tions of all variables can be found in Table 2.

Equation (6) is the single most important equation of my results and it can be decomposed

into the following fitness components:

B (c;r - /\) Plasmid-plasmid competition
p1(x) Plasmid cost

o{(x) Plasmid loss

% (2 B %)(V{(ﬁ,ll})(x) X) - y{(llf})(x’x)) Plasmid horizontal transmission
%7”0,1}(x) + % (a{(i'f})(x,x) - a{’l’o}(x)) - ga{(i’f})(x,x) Host-host competition

Here, the baseline parameters can be seen as properties of the host, while those parame-
ters depending on x are the deviations in the values of those properties under control of
the plasmid. It is worth mentioning that this decomposition of the selection gradient is
not unique and it is subject to my own interpretation. The first component, for instance, is
called plasmid-plasmid competition because it involves the advantage a mutant plasmid has
in winning intracellular plasmid-plasmid competition, . The term p appears exclusively
in this factor, and it is multiplied by the rate of conjugation, c normalized by host growth
r/a, minus the loss rate A. Next, plasmid cost and plasmid loss, respectively, involve the de-
viations in host growth rate and plasmid loss caused by the plasmid-encoded trait, x. The
fourth component, plasmid horizontal transmission features deviations in the preference of
a host cell to be a donor or a recipient at conjugation events, y(; 1)(x, x) multiplied by half
the difference between growth minus the loss/conjugation ratio. Finally, I called the fifth
component host-host competition because it contains all terms related to deviations in host
competition coefficients caused by x. In the next sub-section, I will analyse in more detail

plasmid cost, plasmid loss and plasmid horizontal transmission.



Trade-offs

Looking at the gradient of selection and its components (equation 6), it can be seen that
there are several ways in which plasmids could increase their fitness. Let’s assume, for
instance, that the fitness of the plasmid is determined only by the component of plasmid
loss, p;(x). In such case, equation (6) would look like G(x) = —o{(x). This would imply
that mutants with lower loss rates would always invade the population. Therefore, in the
long run, loss rates would evolve towards zero. All other components can be isolated in
a similar fashion. By only considering individual components, however, one would find
plasmids would evolve towards infecting all host cells at an infinitely fast rate, causing no
metabolic cost and having a perfect system that ensures it would not, by any means, get
lost at cell division. Yet, in nature, such Plasmid Demons do not exist (Law, ). Hence,

it is reasonable to assume there are constraints limiting the evolution of plasmids.

In biology, one of the most important types of constraints are trade-offs. Trade-offs stem
from the negative correlations between the fitness components of the plasmid (or any
evolving individual), such that increasing fitness by means of one trait, decreases fitness
by the modification of a correlated trait (Stearns, ). For the purpose of this analysis,
I will focus on pairs of traits. Specifically, I will focus in the trade-off between plasmid
metabolic cost and plasmid loss, and plasmid metabolic cost and plasmid conjugation
or horizontal transmission. Nevertheless, it is important to mention that trade-offs can
involve multiple traits. Understanding these pair-wise trade-offs can allow me to interpret

cases involving more than two traits or fitness components.

In the next two sections, I will provide justification for each trade-off, followed by its
mathematical analysis and interpretation. When studying a specific trade-off, I assume
all other phenotypic traits are independent of the evolving allele x. Therefore, all the

derivatives not involved in the trade-off under scrutiny become zero.



(a) Bacterial growth and plasmid loss

There are several ways in which plasmids can decrease their loss rate. For small plas-
mids lacking active partitioning systems, for instance, an effective way to decrease their
loss rate is to increase their copy number. In this way, small plasmids reduce the proba-
bility of producing plasmid-free cells when segregating plasmids at cell division (Friehs,

). With an increase in plasmid copy number, an increase in metabolic cost is ex-
pected, and therefore a decrease in host growth rate. Other mechanisms to reduce plas-
mid loss, such as active partitioning systems and dimerization resolution, are expected to

increase metabolic cost as well (Brendler et al., ).

Assuming the allele x do not have an effect on any other trait, the selection gradient, G,(x),

is given by:

Ga(x) = € (py(x) — 07 (x)) (7)

Here, p;(x) and o] (x) exhibit a linear relationship, suggesting that for the plasmid there is
no difference in investing in reducing the metabolic burden it imposes on its host versus
investing in reducing its loss rate. Notably, all terms involved in this trade-off are under

control of the plasmid-encoded trait x.

(b) Bacterial growth and plasmid conjugation

For the analysis of the trade-off between bacterial growth and plasmid conjugation, I as-
sumed conjugation to be costly and the cost of conjugation to increase proportionally
to its rate. Indeed, evolutionary experiments in Escherichia coli showed that plasmids
that evolved lower conjugation rates imposed lower fitness costs in the ancestral bacte-
rial background, whereas plasmids that evolved an increased conjugation rates imposed

greater costs (Turner et al., ).

Assuming the allele x do not have an effect on any other trait, the selection gradient, Gj(x),

is given by:



, (0,1) (1,0)
7/{0,1}(x) N cr—al 7y, }(x,x)—y{l’l}(x,x)

Gp(x)=€|pi(x)+ A . P .

(8)

Here, it is important to notice the presence of baseline parameters. As previously men-
tioned, the baseline parameters can be seen as properties of the host and those parameters
depending on x as the deviations in control of the plasmid. The third factor in equation
(8) suggests that, if there is a mutation causing asymmetry in conjugation, the plasmid
will have a fitness advantage if this mutation provides the plasmid with the ability to
participate in a conjugation event where its host cell acts as a donor more often than as a
recipient. The importance of this fitness effect scales with the opportunity for the plasmid
spread by conjugation, which depends on properties of the host population, such as its

density at equilibrium (equation 4).

Generally, equation (8) suggests that conjugation symmetry, or the tendency of a plasmid-
bearing cell to act as a donor or a recipient, together with plasmid loss rate, will define
whether a plasmid invests in reducing its cost, thus increasing its vertical transmission,

or in increasing its horizontal transmission.

4 Discussion

I presented an evolutionary invasion analysis of a trait x encoded on a plasmid that affects
host growth, competition, horizontal transmission, and plasmid loss. I separated the plas-
mid fitness into five components: plasmid-plasmid competition, plasmid effects on host
growth (cost), plasmid loss, plasmid horizontal transmission, and host-host competition.
From these components, I found that plasmid-plasmid competition depends exclusively
on host properties, while plasmid effects on host growth (cost) and plasmid loss depend
exclusively on the plasmid traits. In contrast, plasmid horizontal transmission and host-
host competition depend on both the plasmid evolving trait and the host properties. To
understand the evolutionary fate of x, I considered and analyzed pairwise trade-offs be-

tween different fitness components of the plasmid. From this analysis, I found that there



exists a linear relationship between plasmid cost and plasmid loss. That is, the fitness
advantage that a plasmid can obtain from ameliorating its cost is linearly proportional to
the fitness advantage that it can obtain from reducing its loss. Importantly, both plasmid
loss and plasmid cost only affect the plasmid’s vertical transmission. For the trade-off
between plasmid cost and horizontal transmission (i.e. conjugation), my model suggests
the baseline loss rate in a given host and the host donor/recipient preference at conju-
gation play an important role in determining plasmid evolution. This last trade-off can
be interpreted as a compromise between vertical and horizontal modes of transmission.
Investing in vertical transmission can lead to plasmid specialization and the plasmid’s de-
cision to specialize, as opposed to investing in horizontal transmission (that is, generalize)
is weighted by how stable the plasmid is in a given host population. Looking back at my
general question "When do plasmid host ranges are expected to be maintained or expanded?’,
I expect plasmid host ranges to be reduced or maintained when it is more advantageous
for the plasmid to specialize. On the other hand, I expect host ranges to expand when it

is more advantageous for the plasmid to invest in horizontal transmission.

It is now worth stressing the limitations of my conclusions. First, my model relies on
the assumption that changes in the value of x can be achieved via small mutations and
that selection can only have small effects on the phenotype. Nonetheless, it has been seen
that small mutations do not have significant effects on the fitness of plasmids (San Millan
et al., ). In addition, several studies had reported plasmids increase their stability
through large mutations (Loftie-Eaton et al., ; Wein et al., ). However, these as-
sumptions are generally unavoidable if one wants to arrive at analytical results of complex
models. One way to find out if my conclusions are robust to the weak-selection assump-
tion is to develop a simulation model that allows for strong selection, and compare its
predictions against my analytical results. Second, I described bacterial interactions using
the Lotka-Volterra competition model, which has been shown to fail to capture pairwise
interactions in bacterial communities because these communities violate the assumptions
of additive effects of interactions and universality (Momeni et al., ). Likewise, it is
important to address the constraints and consequences of only considering the evolution

of the plasmid. In real host-plasmid systems, the plasmid and the host are always co-



evolving. Thus, to do a comprehensive analysis of the components of plasmid fitness, it
would be necessary to include the host cell perspective. In this way, both the host and the
plasmid would have shared control over the processes I assumed to be in exclusive con-
trol of the plasmid. In other words, instead of having parameters depending exclusively
on the plasmid-encoded trait, x, I would have parameters depending on both a plasmid-
encoded trait, x, and a host- or chromosome-encoded trait, y. Therefore, co-evolution
can potentially alter my conclusions. Co-culture studies have highlighted the importance
of co-adaptation in explaining plasmid rates of horizontal transfer and plasmid stabil-
ity (Harrison and Brockhurst, ). For instance, in a study examining the cost of the
conjugative plasmids R1 and RP4 in E. coli, the authors showed that a reduction in plas-
mid cost occurred by adaptations both on the plasmid alone and on the bacterial host
alone (Dahlberg and Chao, ). The authors suggest there exists a trade-off between
horizontal and vertical transmission (cost) of plasmids, and that the consequences of this
trade-off are driven by host-directed suppression of plasmid transfer. In a different study,
plasmid-host co-evolution facilitated the acquisition of a second plasmid by increasing
plasmid permissiveness via chromosomal mutations, favouring the emergence of multi-

drug resistant cells (Jordt et al., ).

Predicting plasmid host range dynamics requires a comprehensive understanding of plas-
mid fitness at different levels of selection. The examples mentioned in the previous para-
graph highlight how intricate this task is, as well as its importance. Gaining insight into
the drivers of plasmid host ranges would allow tackling a myriad of unanswered ques-
tions; from practical questions regarding the evolution and spread of drug resistance,
to more fundamental questions such as why are plasmids widely spread in bacteria but

rarely found in other organisms.



5 Epilogue: advice to a follow-up student

Hello future student! First of all, best of luck with choosing a research topic and a ques-
tion for your project. That is, without any doubt, one of the hardest parts of any project.
If you are planning to follow-up on my project, here are some ideas and thoughts I can

offer to guide you.

It is a truth universally acknowledged that projects are never finished, only abandoned.
I always have felt I've abandoned my projects when things were getting the most inter-
esting. That might have to do with the fact that I've only worked in small projects, but
perhaps it is a shared feeling for longer projects too. In any case, in the following para-
graphs I'll list, in order of feasibility, possible directions my project could have taken if I

had more time.
Explore the unstudied fitness components

There are two fitness components I've left unexplored: plasmid-plasmid competition and
host-host competition. An important reason why I decided to focus on the other three
components is that there is more literature on them and because it is easier to reason
about them. Microbial interactions, and in particular plasmid interactions, are largely
understudied. However, there is a comprehensive review of the known interactions be-
tween plasmids published recently (Dionisio et al., ). Here, I would choose a partic-
ular system and develop a more mechanistic model for those components with the hope
of drawing some generalizations from it. For the component on host-host competition I

would follow the same approach.
Co-evolution

As I mentioned in my discussion, co-adaptation plays a major role in the evolution of
plasmids and their bacterial hosts (Harrison and Brockhurst, ). For this reason, as
well as from a technical standpoint, exploring the dynamics of two co-evolving traits is

a rather logical next step. However, as you may have noticed, my model is already quite



complicated and I had to make use of some advanced techniques, such as assuming weak
selection. Interpreting the results of analytical models can go from hard to impossible
very quickly, and a co-evolutionary model is probably at the limit of tractability, at least
for a master project. Fortunately, there are ways out, such as doing numerical simulations.
Although easier to implement, numerical simulation can be a lot of work because there
are a lot of dimensions to explore. Thus, here I would again recommend to focus on a

particular system to limit the parameter space.
Including a second host species

To understand the dynamics of plasmids in bacterial communities, a useful thing to do
would be to look at an actual bacterial community. That is, to look at an assembly of
two (or more) bacterial species sharing the same environment. I strongly believe that
analyzing an eco-evolutionary model of two bacterial species and a plasmid through an-
alytical methods is virtually an impossible task for a master project. Therefore, I would
recommend taking a look at individual-based simulations. However, bear in mind that
individual-based simulations require a more mechanistic view of the processes driving
plasmid population dynamics. Hence, once again, you’ll need to limit yourself to more

specific systems.
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