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Abstract

Plasmids are extrachromosomal segments of DNA that can transfer genes between bacterial cells.

Many plasmid genes benefit bacteria but cause harm to human health by granting antibiotic re-

sistance to pathogens. Transfer rate is a key parameter for predicting plasmid dynamics, but

observed rates are highly variable and the effects of selective forces on their evolution are un-

clear. We apply evolutionary analysis to plasmid conjugation models to investigate selective

pressures affecting plasmid transfer rate, emphasizing host versus plasmid control, the costs of

plasmid transfer, and the role of recipient cells. Our analyses show that plasmid determined

transfer rates can be predicted with three parameters (host growth rate, plasmid loss rate and

the cost of plasmid transfer on growth) under some conditions. We also show that low frequency

genetic variation in transfer rate can accumulate, facilitating rapid adaptation to changing con-

ditions. Furthermore, reduced transfer rates due to host control have limited effects on plasmid

prevalence until low enough to prevent plasmid persistence. These results provide a framework

to predict plasmid transfer rate evolution in different environments and demonstrate the limited

impact of host mechanisms to control the costs incurred when plasmids are present.
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Introduction

Bacteria reproduce clonally but they possess a wide variety of mechanisms for transferring DNA

between cells independently of reproduction (Ochman et al., 2000; Trevors, 1999). These mech-

anisms enable the transfer of genes that have a big impact on human populations, such as an-

tibiotic resistance, detoxification, and pathogenesis genes (Bahl et al., 2009). Consequently, it is

important to understand the mechanisms and dynamics of horizontal gene transfer within and

between bacterial populations.

Of the three main mechanisms of horizontal transfer (transformation, conjugation and trans-

duction), conjugation has attracted particular attention because of its impact on the spread of

antibiotic resistance (Von Wintersdorff et al., 2016). Conjugation entails the transfer of segments

of extrachromosomal DNA, called plasmids, that carry genes that benefit the host cell in some

environments (e.g. antibiotic resistance genes, Bahl et al., 2009; Tazzyman and Bonhoeffer, 2015),

while conferring costs to the host (e.g. through plasmid metabolism, replication, disruption,

pilus formation and phage vulnerability, Lopatkin et al., 2017). These costs can lead to fitness

conflicts between the host cell and the plasmid when in environments where the plasmid genes

are not beneficial. Conjugative plasmids contain the genes necessary to initiate plasmid transfer

(Frost and Koraimann, 2010; Smit et al., 1998) and are frequently described as self-replicating

and transferring autonomously (del Solar et al., 1998; Turner et al., 2014) as selfish genetic ele-

ments (Rensing et al., 2002; Werren, 2011). However, host cells often also carry genes that affect

replication and/or transfer of the plasmid (Frost et al., 2005). The multiplicity of factors affecting

plasmid behaviour makes it hard to predict and manage the spread of plasmids carrying antibi-

otic resistance and other traits that affect human well-being. Questions such as what determines

the frequency of plasmids in the population and how do costly plasmids persist when selective

conditions are absent remain difficult to answer. The main complication is that fitness of a gene

depends on whether it is transmitted by the host cell or by a selfish genetic element. To answer

questions about how selection works on such genes we will therefore derive the fitness of such
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genes from the perspective of a gene under control of the host, and of a gene under control of

the plasmid.

Modelling is a useful way to tease apart the effects of factors in complex systems and has been

used widely in plasmid biology, ever since classic work by Stewart and Levin (1977) established

the first mathematical model of plasmid transfer dynamics in a chemostat. They essentially

showed that, in theory, plasmids can persist when the transfer rate exceeds the effects of the cost

of the plasmid on growth and plasmid loss. Subsequent work has extended the model to tackle

a wide range of plasmid behaviour including plasmid mobilisation (Levin, 1980; Levin and Rice,

1980), partition and post-segregational killing systems (Hsu and Waltman, 1997; Lauffenburger,

1985; Mongold, 1992; Rankin et al., 2012; Seo and Bailey, 1985), copy number (Paulsson and

Ehrenberg, 1998), transitory derepression (Fernandez-Lopez et al., 2014; Lundquist and Levin,

1986; Raz and Tannenbaum, 2014) and social goods plasmids (Dimitriu, 2014; Dimitriu et al.,

2014; Mc Ginty et al., 2013, 2011), among many others. Some of these include estimates of

experimentally measured key parameters to demonstrate biological realism (Lauffenburger, 1985;

Levin et al., 1979; Lopatkin et al., 2017), with applications in a variety of environments (e.g.

agricultural waste, broilers, chemostats, Baker et al., 2016; Fischer et al., 2014; Svara and Rankin,

2011).

Although the work of Stewart and Levin (1977) identified the key parameters that shape

plasmid dynamics, a key open question is what determines the value of fundamental traits such

as transfer rate in the first place. In particular, for traits that are encoded by plasmid and/or host

genetics, what causes particular values to evolve? Recent models have explored the evolution

of plasmid cost and demonstrated its amelioration in theory and practice (Harrison et al., 2016;

Loftie-Eaton et al., 2017, 2016; Porse et al., 2016; Zwanzig et al., 2019). Other traits require the

same degree of attention, in particular transfer rate.

The evolution of transfer rates was first explored in the context of host-parasite modelling

(Cressler et al., 2016; Kribs-Zaleta, 2014; Lipsitch and Levin, 1997; Lipsitch et al., 1996; Misevic

et al., 2013) which is appropriate when plasmids are viewed as infectious replicators, exerting a
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cost on their host cells. These models identified conditions favouring vertical versus horizontal

transmission (e.g. low transfer rate plasmids are favoured in high growth rate cells) but lacked

detailed application to plasmid systems, especially the mutual benefits that arise in selective con-

ditions. While later evolutionary models focused more explicitly on plasmid transfer (Atsmon-

Raz et al., 2015; Dimitriu et al., 2016; Haft et al., 2009; Hall et al., 2017; Porse et al., 2016; Raz and

Tannenbaum, 2014; Turner et al., 1998), they did not provide a general mathematical analysis of

parameter evolution or solutions for plasmid transfer rate following selection. Similarly, empir-

ical studies report variation in transfer rates over many orders of magnitude (10−20-10−6), and

identify statistical correlates of high versus low transfer rate (e.g. derepression, media type, host

differences), but mechanistic explanations for why transfer rates vary remain scarce (Sheppard

et al., 2020).

Theoretical explorations into the evolutionary forces affecting plasmid transfer are challeng-

ing due to the aforementioned plasmid-host mutualisms (Carroll and Wong, 2018; Dimitriu et al.,

2016) and conflicts in selective and non-selective conditions (Kottara et al., 2018). These forces

can separately affect transfer genes found on the plasmid, donor and recipient that collectively

determine the observed transfer rates (Kozlowicz et al., 2006; McAnulla et al., 2007). In par-

ticulary, there is empirical evidence that cells receiving the plasmids affect the rate of transfer

(i.e. different recipient strains cause different transfer rates, Reniero et al., 1992; Sansonetti et al.,

1980), but this has rarely been explored theoretically.

Analysis of transfer rate evolution also needs to evaluate all possible sources of costs on the

host. Traditionally, models have considered costs of carrying a plasmid that were independent

of the transfer rate (Harrison et al., 2016), but there are multiple ways that plasmids can incur

a cost on the host cells. For example, plasmids can confer metabolic costs to the host due to

plasmid replication and gene expression, including the expression of plasmid transfer and pilus

production genes, and additional costs through greater susceptibility to infection by phage (Dim-

itriu et al., 2019; Jalasvuori et al., 2011; Porse et al., 2016; Reinhard et al., 2013; San Millan and

MacLean, 2017; Turner et al., 1998). Some plasmids, however, do not demonstrate the same neg-
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ative fitness effects often caused by high rates of transfer (Shapiro and Turner, 2014; Turner et al.,

2014). For investigating the control of transfer rate, the key theoretical distinction is whether

plasmid cost depends on the transfer rate or not – if it does, this could provide a check on the

evolution of high transfer rates.

Here, we present new theory on the evolution of transfer rates that considers the perspective

of the different partners in the system and a wider range of cost types that can arise. We explore

how evolution shapes and determines plasmid transfer rates using adaptive dynamics theory,

focussing on the costs of plasmid presence, transfer and host-plasmid conflicts. We also inves-

tigate how the selected rates of transfer and host-plasmid conflicts affect plasmid prevalence in

bacterial populations. Published data and parameter estimates from the well-studied R1 plas-

mid in E. coli (Haft et al., 2009) are used as a case study to place model predictions in realistic

parameter space and to estimate new parameters proposed here. We aimed to keep our model

as simple as possible by building on earlier chemostat models, while including some variants to

explore further complexity (e.g. superinfection, the ability of a plasmid-bearing donor to infect

other donor cells, Smith, 2011). The potential impact of our model simplifications in relation to

the incredible complexity of plasmid biology in nature are considered in the discussion.

Models and analyses

The model, based on the bacterial conjugation model by Stewart and Levin (1977), specifies the

growth of an evenly mixed, homogeneous, single-species bacterial population with plasmid-free

(density, N) and plasmid-bearing (density, NP) cells (variables and parameters listed in table 1

and a schematic diagram given in Appendix A, Fig A1).

dN

dt
= kNS − DN − γN NPN + τkPNPS (1)

dNP

dt
= (1 − τ)kPNPS − DNP + γN NPN (2)
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dS

dt
= D(S0 − S)− yk(N + NP)S (3)

Cells grow utilising a single substrate (concentration, S), which flows into the chemostat at a

dilution rate (D), from a source with a constant concentration (S0). Chemostat models assume a

well mixed population and continuous inflow of resources/outflow of cells/resources, and are

used here for ease of analysis, consistent with previous studies of bacterial dynamics (Stewart

and Levin, 1977). We discuss the likely effects of alternative growth conditions on our results

below. Plasmid free and plasmid bearing cells grow at rates of k and kP, respectively, which

differ by the net cost or benefit given by the plasmid. We model the difference in two ways: as a

flat cost/benefit of plasmid presence, due to metabolic activity, or a cost proportionate to the rate

of transfer due to the costs of transfer (San Millan and MacLean, 2017, metabolic and transfer

related costs are considered together in Appendix I). Cell growth is directly proportionate to

substrate concentration for simplicity (Monod kinetics are also considered in Appendix I) scaled

by a yield coefficient (y). Cells and substrate are lost from the chemostat through dilution at

rate D. Plasmids are lost from donor cells through unequal segregation during cell division at a

constant rate (τ), which is accordingly proportional to the growth of NP. Plasmid transfer (γN)

occurs at a rate proportional to the mass action product of the interaction of N and NP, with a

coefficient assumed to be constant. This model deviates from Stewart and Levin (1977) in that

donors and recipients have the same resource consumption rate (k), despite the different growth

rates, and it is assumed that resources are reallocated away from growth to plasmid maintenance

and transfer. We also model plasmid loss as a proportion of donor cell growth rather than

as a proportion of donor cells. These changes are made to provide greater biological realism,

emphasising the energy requirements for plasmid gene expression (San Millan and MacLean,

2017) and the mechanism of plasmid loss during cell division (Haft et al., 2009). Additional

parameters and processes are further described in the specific models where they appear.

Using this population model to define our system, we then calculate the fitness of an entity

with a mutant trait in terms of its ability to invade the equilibrated resident population when
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initially rare. We use the rate at which rare mutants invade the resident population as the

measure for fitness (Brännström et al., 2013; Metz et al., 1992), described mathematically by

the sign of the differential equation showing the change in mutant population size with time.

Specifically, we consider the fitness of invading mutant plasmids (NM) and hosts (M), in turn,

that alter the transfer rate (γM). Two versions were considered: in model 1, the plasmid has a

constant cost or benefit to the host growth rate that is independent of the plasmid transfer rate

(i.e. metabolic and replicative effects); whereas in model 2, the cost or benefit of the plasmid is

proportional to plasmid transfer. When considering the invasion of a mutant host we also draw

out the roles of the donor and recipient in the invasion. For each invasion scenario, the models

were analysed mathematically by hand and using Mathematica (Wolfram Research Inc., 2020)

to identify the parameter conditions that permit the invasion of the mutant from rare. We then

bring together the results of the two models to investigate the impacts of host-plasmid conflicts

on plasmid prevalence and persistance.

While the text is kept mathematically abstract for generality, results are plotted with esti-

mated parameter values of the R1 conjugative plasmid in E. coli measured in lab experiments

and reported in Haft et al. (2009), with recipient growth rate: k = 1.459 h-1, loss rate: τ = 10−4,

substrate concentration: S0 = 200 µg ml-1, and yield coefficient: y = 8 · 10−8 µg cell-1. The data

from this study were chosen because they include the majority of the required parameters for a

single plasmid, including repressed and derepressed growth and transfer rates that enable the

calculation and of metabolic and transfer costs. Dilution rate (D) was not available and was set

to 0.001 ml h-1. This allowed us to visualise functions in a potentially realistic parameter space,

increasing the application of the results.
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Table 1: Model variables, key parameters and metrics. Values taken from Haft et al. (2009).

Units Description

Variables:

S µg ml-1 Substrate concentration.

N, NP, NM cells ml-1 Wild-type recipient and donor (wild-type plas-

mid: P, mutant plasmid: M) cell densities.

M, MP cells ml-1 Mutant recipient and donor (wild-type plasmid:

P) cell densities.

Key parameters:

S0 200 µg ml-1 Substrate stock concentration.

D 0.001 ml h-1 Dilution rate.

k 1.459 h-1 Recipient growth rate.

kP 1.405 h-1 Donor growth rate (repressed).

y 8·10-8 µg cell-1 Yield coefficient.

τ 10-4 Plasmid loss rate.

γN , γNN 4.4·10-12 ml cell-1 h-1 Wild-type plasmid transfer rate (repressed).

kM h-1 Mutant donor growth rate.

γM, γMM ml cell-1 h-1 Mutant plasmid transfer rate.

γNM ml cell-1 h-1 Transfer rate from wild-type to mutant.

γMN ml cell-1 h-1 Transfer rate from mutant to wild-type.

b 4.61·107 cell ml -1 Transfer rate cost coefficient.

Metrics:

γsel ml cell-1 h-1 Selected transfer rate.

γmin ml cell-1 h-1 Minimum transfer rate for plasmid persistence.

γ90 ml cell-1 h-1 90% plasmid prevalence transfer rate.

PPrev % Plasmid prevalence.
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Model 1 - Plasmid costs independent of transfer rate

Mutant plasmid invasion (NM)

We assume that each cell can only contain one plasmid, either the wild-type (at cell density NP)

or the mutant (at cell density NM). Cells bearing the mutant plasmid are identical to cells that

carry the wildtype, except in the rate of plasmid transfer (γM) and change density as follows:

dNM

dt
= (1 − τ)kPNMS∗

− DNM + γMNMN∗ (4)

The fitness of the mutant plasmid (WNM
) is equal to the per capita change in density NM from

rare when the system has reached equilibrium. Rearranging (see Appendix B) gives the invasion

success (fitness) of the plasmid:

WNM
=

1

NM

dNM

dt
= N∗(γM − γN) (5)

A mutant plasmid can invade therefore when WNM
> 0, which for positive solutions requires

N∗
> 0 and γM > γN . The first condition indicates that in order for a mutant plasmid to

invade the population must contain recipients. Plasmid transfer cannot occur in the absence

of recipients, and therefore selective pressures do not affect the rate of transfer. The second

condition states that the mutant can only invade when its transfer rate is higher than the wild-

type. Evolutionary pressures on the plasmid will, therefore, select only for an increase in the rate

of transfer, regardless of other circumstances.

Mutant host cell invasion (M, MP)

Mutant host cells can be plasmid-free (density M) or plasmid-bearing (density MP), and their

dynamics are identical to N and NP respectively, except for the rate of plasmid transfer (γM).

The equations are also updated to emphasise the roles of donors and recipients in determining

transfer (see Appendix C), where the first and second subscripts are the donor and recipient
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respectively (γN = γNN , γM = γMM), and transfer from wild-type to mutant is included (γNM).

Transfer from mutant to wild-type does not affect the mutant invasion under these assumptions

and is not included. The resulting mutant growth equations are:

dM

dt
= kMS − DM − γMM MP M − γNMNP M + τkP MPS (6)

dMP

dt
= (1 − τ)kP MPS − DMP + γMM MP M + γNMNP M (7)

The rarity of mutant interactions allows simplification and linearization of the system of

equations allowing the calculation of the fitness equation (see Appendix C):

WM = (γNM − γNN)N∗

P(kPS∗
− D) (8)

A mutant host cell can invade when two conditions are met: 1. N∗

P > 0, and 2.

(γNM − γNN)(kPS∗
− D) > 0. The first condition requires the presence of plasmids for mutant

host cells to invade, necessary for the evolution of plasmid transfer rate. Without plasmids, the

mutant is indistinguishable from the wild-type, and the plasmid transfer rate is meaningless.

The second condition requires that the product of two terms be positive, which can be achieved

in two ways: 1. when γNM − γNN > 0 and kPS∗
− D > 0, and 2. when γNM − γNN < 0 and

kPS∗
− D < 0.

The first term describes the relationship between the original transfer rate (γNN) and the rate

of transfer from the wild-type to the mutant (γNM). γNM is determined by the genotype of N

as a donor and M as a recipient, and mutants with higher or lower transfer rate can invade

depending on whether kPS∗
− D is positive or negative. Further analysis of the sign of the term

kPS∗
− D reveals identity with the sign of the effect (positive or negative) of the plasmid on the

host’s growth (Appendix C, Fig. C1).

sign(kPS∗
− D) = sign(kP − k) (9)

This indicates that mutant cells with a transfer rate lower than the wild-type can invade when
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kPS∗
− D is negative: when the plasmid is costly (kP < k, Fig. 1A). In contrast, mutant cells with

a transfer rate higher than the wild-type can invade when kPS∗
− D is positive: when the plasmid

is beneficial (kP > k, Fig. 1B). In summary, when the plasmid is beneficial the selection drives an

increase in plasmid transfer rate, and when the plasmid is costly selection drives a decrease in

the transfer rate by selecting for host cells with a higher/lower propensity of transfer.
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Figure 1: Mutant fitness (WM) as mutant transfer rate changes (γM), where the plasmid is costly

(A, kP = 1.4 h-1) and beneficial (B, kP = 0.15 h-1). Parameter assignments as default.

Importantly, the change in transfer rate comes as a result of a mutation in γNM, not γMM or

γMN , i.e. where the mutant host cell is a recipient, not a donor. This makes biological sense:

it will be unlikely for a rare mutant host cell to encounter a fellow mutant host cell in a well

mixed environment. The vast majority of the mutant host encounters will be with wild type

cells. From the point of view of a mutant host, the only interactions that matter here are the ones

where a plasmid is received, because the plasmid costs and benefits are conferred in reception

of a plasmid, not in donation. According to these model assumptions, plasmid donation does

not affect the host fitness. Therefore the fitness is determined by γNM − γNN : the difference
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between plasmid receipt in a rare mutant host compared to receipt in a wild type host in that

same population. This indicates that the trait under selection is νM, the reception propensity of

the mutant recipient, which in this model is the mode by which adaptation of host-controlled

transfer rate occurs. In practice, this adaptation requires variation in the recipient propensity and

can only evolve when mechanistic and evolutionary constraints allow. Studies report variable

transfer rates among recipients with the same donor (Sheppard et al., 2020), but it is unclear

whether this is due to recipient control or donor discrimination, and whether this control is

exerted by plasmid or host genes. Potential recipient control mechanisms can include mutations

that affect mating complex formation (e.g. through spatial structure and cell aggregation, Reniero

et al., 1992), plasmid removal following transfer (e.g. through restriction enzymes, Jiang et al.,

2013; Levin, 2010) and through pheromones/quorum sensing (Chatterjee et al., 2013; Dunny,

2007). While donor effects are clearly substantial and important (De Gelder et al., 2005; Frost

and Koraimann, 2010), our results suggest that care should be taken in interpreting donor effects

on transfer rates as being controlled by the bacterial host and such interpretations should also

explain the selective advantage of such control mechanisms. In other respects, the results of

model 1 conform with the idea that high transfer rates are always favourable for the plasmid,

irrespective of conditions, whereas a high transfer rate is only selected in hosts when plasmids

are beneficial and plasmid-free recipients are present in the population. While the assumption

that transfer is not costly for the donor cell is unrealistic (San Millan and MacLean, 2017), and is

explored in model 2, these results reveal selection pressures affecting recipient cells that can lead

to recipient-led control of plasmid transfer.

Model 2 - Plasmid costs depend on transfer rate

While donor and recipient growth rates were previously independent of other parameters, the

growth rate is now assumed to decline with increasing transfer rate in proportion to a transfer-

cost coefficient b.
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kP = k − bγN (10)

This means that plasmid cost is only determined through plasmid transfer and that plasmids

cannot be beneficial under these assumptions as this would require a negative transfer rate.

Because host and plasmid interests only differ when plasmids are costly, we focus on this scenario

from now on. We do not explicitly model selection on the host transfer rate using model 2 because

the result is too complex and does not simplify enough to be intuitive using these methods, but

use an alternative way to explore host-plasmid conflict in the next section.

An empirical estimate of plasmid cost coefficient (b) was calculated using the transfer and

growth parameters of repressed (γN , kP) and derepressed (γND
, kPD

) plasmids reported in Haft

et al. (2009), assuming a linear relationship between donor growth rates and plasmid transfer

rates. This estimate is used along with the other Haft et al. (2009) parameters to draw visual

representations of the results in figures, and to provide a speculative parameter space to put

those results into a meaningful context.

b =
kP − kPD

γND
− γN

=
1.405 − 1.23

3.8 · 10−9
− 4.4 · 10−12

= 4.61 · 107 cell ml−1 (11)

Analysis of the system of equations reveals only one real, non trivial solution (see Appendix

D for details) that is used in the following sections, not given in this paper due to its length.

Mutant plasmid invasion (NM)

The equation for the invading mutant differing only in transfer rate (γM) was modified as follows:

dNM

dt
= (1 − τ)kMNMS∗

− DNM + γMNMN∗ (12)

where

kM = k − bγM (13)
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Rearranging (see Appendix E) gives the per capita fitness equation:

WNM
= (γM − γN)

kN∗
− bD

kP
(14)

Mutant plasmids cannot invade when WM 6 0. This means that a mutant with a higher or

lower transfer rate can invade when kN∗
− bD is positive or negative, respectively (Fig. 2). kP

must always be positive for donor viability and biological realism. Selection therefore acts on

transfer rate towards the point where the equilibrium density satisfies:

N∗ =
bD

k
(15)

(see Fig. 2).

N
*

γN

bD/k

γsel

Figure 2: Equilibrium density of recipients, N∗, as a function of transfer rate, γN , demonstrating

the effects of selection on γN . The figure identifies bD/k (the value of the equilibrium for N∗

above which there is selection for larger γN , and below which for smaller γN). Selection leads to

γsel , with arrows indicating the direction of selection.

We name the transfer rate at which this occurs γsel . When this condition is used in conjunction

with the real, non trivial solution previously established (Appendix D) we find:
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γsel =
kτ

b

kS0(1 − τ)− D

kS0(1 − τ)− D(1 + yb)
(16)

Using the methods described by Geritz et al. (1998, see Appendix F) we find that γsel is always

convergence stable, meaning that selection drives the transfer rate towards γsel , and has neutral

evolutionary stability. For the linear trade-off that we have used (Eq. 13), this means that once

the plasmid population has attained transfer rate γsel , mutants with different transfer rates will

be able to reach appreciable frequencies by drift leading to the accumulation of diversity in the

transfer rate. This is because selection pressures acting on plasmid transfer rate become weaker

when the recipient density is in balance with the other parameters (when N∗ approaches bD/k,

WNM
approaches 0). When mutant plasmids persist and increase in density through drift the

recipient density changes (either increasing or decreasing) increasing the strength of selection

on the plasmid population again. These results have implications for measuring transfer rates,

as mutants with a wide range of transfer rates would be present at low frequency within the

population and can constitute a reservoir of standing variation on which selection could quickly

act in changing conditions.

The effect of each parameter on γsel is not immediately apparent due to the complexity of the

equation (16). By varying the parameters over a realistic parameter space, around the Haft et al.

(2009) data, we were able to identify two kind of behaviour (Appendix G, Fig. G1, G2). The first

behaviour is when D(1 + yb) is small compared with kS0(1 − τ) that enables the simplification

of γsel to

γsel ≈
kτ

b
(17)

This simplification occurs when using the parameters given by Haft et al. (2009) and a low

dilution rate as inputs. γsel therefore increases as the growth and loss rates increase and decrease

as the transfer cost coefficient increases (Appendix G, Fig. G1). With the empirical estimates for

τ, k and b from Haft et al. (2009) the predicted value for γsel is 3.165 · 10−12, which is remarkably

close to the experimental estimate for repressed plasmid transfer rate of 4.4 · 10−12.
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The second behaviour occurs when the simplification cannot be made (i.e. when D, y, and

b are high in reference to k, S0 and τ, Appendix G, Fig. G2). In these conditions γsel increases

exponentially as each parameter becomes less conducive to plasmid persistence, until the denom-

inator approaches 0: kS0(1− τ) = D(1+ yb). For some parameters, this reverses the relationship

so that increasing b and decreasing k begin to increase γsel rather than decreasing γsel as found

previously (compare Appendix G, Fig. G1 with G2, row 1, k and b).

When costs depend on transfer rate, the selection of transfer rate no longer drives it infinitely

higher, but instead towards an intermediate value that balances transmission with the costs in-

curred on the host. We also see that the equation for this intermediate value simplifies under

conditions of low dilution rate, among others.

The effects of γN on plasmid prevalence

We now investigate the effect of host-plasmid conflicts on plasmid prevalence in non-selective

conditions. We previously found that selection acting on the host drives transfer rate down in

non-selective conditions until the plasmid goes extinct (model 1), while selection acting on the

plasmid drives the plasmid transfer rate to γsel when the cost is dependent on transfer rate (model

2). Assuming that both these selection pressures are at play, it is reasonable to expect that the

combined selection pressures result in a value of γN that is between the transfer rate resulting in

plasmid extinction (i.e. the value that should be optimum from the host’s perspective, which we

name γmin) and γsel due to host-plasmid conflict. We therefore investigate the effects of transfer

rates on plasmid prevalence in this range. Specifically, we ask how much would the host need to

reduce transfer rate in order to impact the plasmid prevalence in the population?

We start by using model 2 as a foundation for calculating plasmid prevalence (PPrev, calculated

in Mathematica, Wolfram Research Inc., 2020) and γmin (see Appendix H for details):

PPrev =
N∗

P

N∗ + N∗

P

= 1 −
bDy

kS0(1 − τ)− D
γmin =

kDyτ

kS0 − D(yb(1 − τ) + 1))
(18)
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Similarly to γsel , these equations exhibit two kinds of behaviour as parameters vary (Ap-

pendix G, Fig. G1, G2). The first behaviour occurs when some parameters (D, y, b) are low

compared with others (k, S0) allowing simplification to:

PPrev ≈ 1 γmin ≈

Dyτ

S0
(19)

We immediately see that plasmid prevalence is likely to be at saturation (≈ 1) in these sim-

plifying conditions (i.e. when bDy is small compared with kS0(1 − τ) − D). Also, we see the

simplified γmin increase as yield coefficient, dilution and loss rate increase, and as substrate con-

centration decreases (Appendix G, Fig. G1). Although there is a slight variation between the

points at which these three metrics simplify, the main factors which allow these simplifications

are low dilution, yield and plasmid cost, relative to higher bacterial growth and substrate con-

centration. Under appropriate conditions (e.g. low dilution rate, chemostat environment) these

simplifications may provide a quick and easy way to estimate the expected plasmid transfer rate

when the plasmid is in control of transfer, and by how much that exceeds the minimum rate

required for plasmid persistence.

When the simplification cannot be made γmin increases exponentially, similarly to γsel , al-

though reaching a slightly different limit: kS0 = D(yb(1 − τ) + 1). The difference between the

limits of each metric mean that the values of γsel and γmin diverge as the system moves into

the exponential part where they may have previously been converging (Appendix G, Fig. G2).

A small change in any parameter can result in a large difference in all three metrics when in

this exponential part, limiting the precision of any applications of the model results. The ex-

ponential increase is where we also observe substantial decrease in plasmid prevalence over a

relatively small parameter space (see Appendix G, Fig. G2, row 4: τ, b, D, y), indicating a narrow

region where sub-saturation levels of plasmid prevalence can be found when the system is at

equilibrium.

To investigate the region where plasmid prevalence undergoes this sharp decreases, we now

introduce a fourth metric: γ90 to indicate the transfer rate at 90% plasmid prevalence and which
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can be compared with the other metrics. First, γ90, γsel and γmin were plotted over an increasing

dilution rate to map the change from simple to complex exponential behaviour (Fig. 3). γ90 was

about an order of magnitude higher than γmin, and the two metrics increased proportionately

with each other for the majority of the parameter space investigated. γsel was largely unaffected

by changes in D (as expected from Eq. 17), which means that the difference between γsel and

γ90 can potentially be several orders of magnitude dependent on the specific parameter values.

This prospective difference between γsel and γ90 indicates that the host may need to reduce

transfer rate considerably to affect plasmid prevalence substantially. When the metrics reach the

exponentially increasing part of their curves, γ90 increases above γsel , indicating that a transfer

rate of γsel produces an intermediate plasmid prevalence (< 90%), suggesting that intermediate

plasmid prevalence is only achieved when the transfer rate is within an order of magnitude of

γmin.
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Figure 3: Variation in the plasmid selected transfer rate (γsel), the host selected transfer rate

(γmin), and the transfer rate resulting in 90% prevalence for the plasmid (γ90) as dilution rate

increases. Parameter assignments as default except b = 4.61 · 108 cell ml-1, y = 8 · 10−6 µg cell-1.

We then compared γ90 with γsel and γmin across a range of reasonable parameter combina-
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tions (see Table 2 legend for details). The dilution rate was set at 10−6 ml h-1 to enable metric

simplifications to occur across the majority of the parameter space. Results which did not include

a positive γsel or where γsel < γmin, and results where the algorithm used to estimate γ90 failed

due to numerical rounding errors were filtered out.

Table 2: The average differences between the plasmid selected rate of transfer (γsel) and the

transfer rate that determines 90% plasmid prevalence (γ90), and between γ90 and the host selected

rate of transfer (γmin) with standard deviations.

Mean SD Min Max

γsel-γ90 5.186 2.570 -1.127 12.601

γ90-γmin 1.001 0.007 0.995 1.232

Note: Calculations were made over combinations of a range of parameters at increments of an

order of magnitude unless otherwise stated: growth rate (k: 2 × 10−4 to 2), plasmid loss rate (τ,

10−7 to 10−1, increments of 2 orders of magnitude), plasmid cost coefficient (b, 105 to 109), stock

substrate concentration (S0, 0.2 to 200, increments of half an order of magnitude), yield coefficient

(y, 10−10 to 10−6). Dilution rate (D) set to 10−6 to enable simplifications to occur.

Regardless of parameter combinations, there was consistently a difference of about one order

of magnitude between γmin and γ90, contrasting with the several orders of magnitude between

γ90 and γsel (Table 2). The consistent difference suggests that, similarly to γmin, γ90 is approxi-

mately proportional to τDy/S0, adjusted by a factor of 10. The relatively small difference further

means that when there is a large difference between γsel and γmin the host would need to reduce

the rate of transfer by several orders of magnitude before plasmid prevalence is substantially

affected. For some parameter combinations γsel was lower than γ90, indicating intermediate plas-
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mid prevalence at γsel due to the difference of less than an order of magnitude between γsel and

γmin. In summary, the results show that a decrease in transfer rate due to host-plasmid conflicts

will result in little change in plasmid prevalence until the rate of transfer is within an order of

magnitude of the minimum transfer rate. In many cases, the host would need to decrease the

rate of transfer substantially before plasmid prevalence is affected.

Variations on the model results

Three further variants of the model were used to investigate plasmid metabolic and transfer costs

simultaneously, and the effect of a more complex (Monod) growth function (Appendix I). The

plasmid metabolic cost (a) was estimated at 0.054 h-1 using the Haft et al. (2009) data, smaller than

the costs incurred from derepressed rates of transfer (estimated at 0.175 h-1), and far higher than

transfer costs at repressed transfer rates (0.0002 h-1). These variations did not qualitatively alter

the results. In addition, a version of the model was created in which a plasmid can transfer into

a cell already containing a plasmid (superinfection). The results from this version were found to

be broadly consistent with the original results, with only minor changes to fitness equations or

with the changes cancelling each other out (Appendix J).

Discussion

To investigate the evolutionary pressures that affect plasmid transfer rate we constructed two

mathematical models that were analysed using adaptive dynamics and invasion analyses. We

calculated the fitness for plasmid and host genes that control transfer rate to demonstrate the

potential for host-plasmid conflict to emerge over transfer rate. Our results show how transfer

rate might be considered as an emergent property of underlying plasmid-, host-, and recipient-

encoded traits.

We considered models with different cost functions for plasmids transfer. The models gave

very different results, highlighting the importance of the plasmid cost function for realistic evo-
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lutionary outcomes (model 1: fixed replicative/metabolic plasmid cost, model 2: transfer rate

dependent plasmid cost). Model 1 predicts that plasmid-controlled transfer always selects for a

higher transfer rate, as long as recipients are present, whereas host-controlled transfer can se-

lect for either increasing or decreasing transfer rate, leading to host-plasmid conflicts when the

plasmid gives a net cost. Analysis showed that selection on host-controlled transfer rate acts on

recipient propensity to receive plasmids, rather than on donor propensity. These findings are lim-

ited by the assumptions of the model that plasmid cost is not linked with transfer rate, and thus

conflict with the results of model 2 that include the costs of plasmid donation. Analyses of model

2 show that plasmid-controlled transfer rate converges to an equilibrium that is convergence sta-

ble but has neutral ESS-stability, enabling standing variation in transfer rates at low frequencies.

Transfer rates between this selected rate of transfer and transfer rates that cause plasmid extinc-

tion were explored to investigate the effects of host-plasmid conflicts in non-selective conditions

and showed that the host must evolve mechanisms that reduce the transfer rate substantially in

order to reduce plasmid prevalence. We now discuss the implications of these results in turn for

interpreting plasmid dynamics in nature.

Predicting transfer rates assuming plasmid control

The prediction of the first model that selection always drives a higher plasmid transfer rate

when the plasmid is in control is inconsistent with the literature, where low plasmid transfer

rates are frequently observed experimentally (Sheppard et al., 2020) and plasmids often contain

transfer-repression genes (Fernandez-Lopez et al., 2014; Haft et al., 2009; Lundquist and Levin,

1986). This inconsistency is due to the absence of transfer-dependent plasmid cost in the initial

model. The addition of variable plasmid costs connected to the transfer rate (shown in model 2)

demonstrate that selection on plasmid-controlled transfer rate finds an equilibrium. Equilibria

balancing transmission and cost are well-known in parasite-host modelling (Cressler et al., 2016;

Gibson et al., 2015; Lipsitch et al., 1996; Magalon et al., 2010; Turner et al., 1998), and the results of

our models demonstrate the importance of accurate representation of plasmid cost relationships
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when modelling plasmid transfer.

An interesting result from model 2 is that the selected equilibrium transfer rate has neutral

ESS stability, enabling standing variation in transfer rates to persist at low frequency. If true, this

variation would provide a resource for selection to act on under changing conditions, increasing

the potential for rapid plasmid adaptation. The variation in transfer rates might also complicate

experiments attempting to measure plasmid transfer rate, where a single clone may not be rep-

resentative of the dominant behaviour. Other models have identified conditions where multiple

plasmids with different transfer rates may invade and coexist based on the trade-offs in transfer

rate and plasmid cost (when a low transfer, low cost plasmid prevents invasion of an incompati-

ble high-transfer, high-cost plasmid in some cells, Lipsitch and Levin, 1997; van den Bosch et al.,

2010; van der Hoeven, 1984; Van der Hoeven, 1986).

The simplified equation for the selected transfer rate (γsel) in model 2 shows that plasmid-

controlled transfer rate could be predictable from only three parameters (bacterial growth rate,

plasmid loss rate, plasmid transfer cost coefficient), approximately predicting the experimentally

measured repressed transfer rate from the Haft et al. (2009) data. While the equation could pro-

vide a useful and simple metric to predict the plasmid-controlled selected rate of transfer, the

conditions where this metric would be directly applicable are extremely limited, requiring the

coevolution of host and plasmid in a chemostat system where the plasmid has complete control

over its transfer. Chemostat models assume that there is constant inflow of resources and outflow

of resources/waste and cells and therefore only apply directly to industrial systems where this

is true. These conditions also favour fast cell growth at low substrate concentrations and keep

cells in active growth phase, contrasting with batch-transfer models that assume periodic arrival

of resources followed by dilution, selecting for cells that can survive lean periods and disper-

sal. Furthermore, due to the complexity of bacterial communities, the long-term evolutionary

pressures become disrupted as the plasmid invades other hosts. While direct applications of the

model results may be limited, the principles may be broadly applied to similar natural systems

with flowing resources (e.g. rivers, the animal gut), although the extent to which this can be
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done is unknown and requires further investigation, including appropriate parameter sets and

results. While plenty of data exists for some of the parameters (e.g. bacterial growth rate, transfer

rate) there are few data for others such as transfer cost coefficient or plasmid loss rate, and even

fewer examples where all required parameters are found for a single plasmid in an environment

(Sheppard et al., 2020).

Considering each parameter in the equation for γsel in turn, we predict that an increase in

bacterial growth rate increases the selected rate of transfer when the system has a low dilu-

tion rate. This is contrary to some bacterial-plasmid/host-parasite models which find that high

growth rates promote lower transfer/transmission and a reduction in virulence (Lipsitch et al.,

1996; Magalon et al., 2010; Turner et al., 1998). These models show that an increase in host growth

rate increases the parasite growth success from vertical transmission. The parasite must mediate

between the potential benefits and costs of its horizontal transmission, which vary between par-

asite type and are also dependent on recipient density/opportunity for successful transmission

(Turner et al., 1998). In our model, however, constant plasmid costs (and corresponding transfer

rates) are proportionately higher for strains with a low growth rate and mean that, as growth rate

decreases, selection pressures on the plasmid drive the transfer rate down to facilitate plasmid

survival. Conversely, an increase in overall growth rate permits the maintenance of plasmids

with higher costs with corresponding higher transfer rates. Furthermore, based on the adaptive

dynamic modelling here, low cost-low transfer rate strategies, such as those seen in previous

models, may not be evolutionarily stable and may still be susceptible to invasion by plasmids

with higher transfer rates despite the increased host costs.

Our predictions also superficially contradict results from two experimental studies on host-

parasite systems, which indicate that high host growth rates promote lower horizontal transmis-

sion and a reduction in virulence (Dusi et al., 2015; Magalon et al., 2010). These experiments,

however, did not alter the intrinsic bacterial growth rates, instead providing increased opportu-

nity for cell growth by increasing the dilution rate, which is another variable in our model. The

experimental results are therefore consistent with our model, which predicts that the relationship
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between host growth rate and γsel reverses with increasing dilution rates. This reversal occurs as

conditions become less favourable for plasmid maintenance (e.g. due to increased dilution rate,

low host growth rate) and where the plasmid can only be maintained by an increasingly high

γsel .

These predictions could help to understand how plasmid transfer and prevalence vary across

environments. Bacterial growth rates are well described in the literature and easy to measure in

the laboratory, but vary considerably with environmental conditions (e.g. substrate type, concen-

tration, temperature, pH). While many lab strains have a high growth rate, the doubling time of

strains in harsher environments can be as long as hundreds of hours in rivers (Hendricks, 1972),

and hundreds of days in soil (Gibson et al., 2018; Harris and Paul, 1994). Our model predicts

that plasmid transfer rates should vary systematically between these different environments. Fu-

ture work could test these predictions and bring improved understanding for management of

plasmid-mediated resistance across varied environments such as hospital outflows, agricultural

waste and soil.

The next parameter is the rate of loss of plasmid during cell division. While loss rates are

expected to vary over several orders of magnitude due to various mechanisms plasmids employ

to improve fidelity (e.g. partition or post-segregational killing genes, Bahl et al., 2009), they are

notoriously difficult to measure (Lau et al., 2013). While plasmid presence is easily observed

through selective markers on the plasmid, it is much more difficult to detect the absence of the

selective marker as the plasmid is lost. Also, as plasmids are lost, loss rate itself can be difficult

to separate from differences in donor and recipient growth rate, and further confounded by

retransfer. Some methods have been designed to overcome these problems, but tend to be labour

intensive and may still over or underestimate rates of loss (Lau et al., 2013). It is also appropriate

to consider the effects of plasmid copy number on the results, not included in the scope of this

study. Increased copy number, while increasing the metabolic burden on the host, decreases the

risk of plasmid loss and co-resident plasmid interactions may also affect transfer rates (Gama

et al., 2017), and these factors must be included in future models to investigate these effects
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comprehensively. Reliability of these methods and measurements have yet to be adequately

resolved, and potentially limit the use of plasmid loss rate in the estimation of selected transfer

rate.

The cost of transfer emerges in our model as a key parameter, but it has been less well

studied than other parameters. This work may be the first time that the cost of plasmid transfer

has been estimated from real data, but it is integral to understanding transfer rate evolution.

The coefficient is particularly difficult to measure because it requires multiple transfer rates per

plasmid to estimate the effect of transfer on plasmid cost and subsequent growth. The plasmid

data used in this study included transfer and growth rates from repressed and derepressed

strains of the same plasmid, which enabled direct comparison (Haft et al., 2009), but this may not

be as easy to establish in other plasmids. It is extremely unclear how the coefficient varies among

plasmids, and between hosts, and any assumptions are at this point speculative, including the

linear relationship we assumed between cost and transfer.

The other parameters (yield coefficient, dilution rate and substrate concentration) are also

important to consider when the simplified prediction of plasmid-controlled transfer rate does

not apply. The yield coefficient is likely to be high in the majority of cases, assuming that

the Haft et al. (2009) estimations are representative. Substrate concentration and dilution are

likely to be far more variable and environment-specific. For example, hospital and agricultural

waste are likely to have high substrate concentration but could vary in dilution depending on

how the waste is treated. Dilution rate can also vary in water and soil systems depending on

the speed of the flow and soil composition. Fast-flowing rivers or waste treatment plants may

facilitate selection for high rates of plasmid transfer, although a high enough dilution rate would

completely prevent plasmid maintenance. In many static environments dilution does not occur,

and dilution can be interpreted as a death rate, although cell death does not necessarily mean that

the genetic material leaves the system. Genetic material can remain in the system following cell

death, and may be adopted by surrounding cells in transformation, contributing to horizontal

gene transfer, and complicating our results. Our simplified theory might help to predict the
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consequences of different management actions of conditions on plasmid prevalence, although

the complexity of systems not considered in our models make specific applications less likely.

Our models are based on single infections. We explored the effect of multiple infections in a

variant of our model (Appendix J) and found that our results are robust under superinfection.

Superinfection of donor cells leads to within host competition and through this to selection for

large transfer rates, if the trait is controlled by the plasmid. When the trait is controlled by the

host, superinfection makes no difference. This is in agreement with experimental results which

in which superinfection increases within host competition (Smith, 2011). We did not explore

the effect of co-infection which is much more challenging to model correctly (Alizon, 2013) and

beyond the scope of this study. Coinfection can lead to an increased copy number and inclusive

fitness effects. This would be an interesting avenue for subsequent studies that build on these

results.

Estimating parameter values in both laboratory and field settings remains a challenging area.

In practice, plasmids are frequently transferred into naı̈ve strains preceding transfer experiments

in the laboratory (Sheppard et al., 2020), limiting the adaptation of plasmid and host to each

other and to the environment. Observed transfer rates may additionally be affected by exposure

to selective agents that occurs in the construction of donor strains prior to mating experiments,

or during the experiments themselves, potentially increasing the transfer rate in some plasmids

(although this is not found consistently, Lopatkin et al., 2016). Many transfer rate estimations

also assume even mixing of cells, which can be unrealistic due to cell aggregation that can alter

outcomes. These aspects must be considered when comparing theoretical and empirical values.

Consequences of host-plasmid conflicts

The calculated rate of plasmid transfer (γsel) assumes that plasmids adapt to their environment

and control the rate of plasmid transfer without the influence of host-control mechanisms, and

could serve as a base-rate for quantification of host control effects in non-selective conditions.

If the observed rate matches the calculated rate of plasmid-controlled transfer it would indicate
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plasmid-control, whereas a lower observed rate would support adaptation of the host to reduce

the rate of transfer.

Our model only considers the evolution of transfer rate. Several studies show that coad-

aptation of plasmid and host results in a reduction of cost of the plasmid on the host growth

rate (Loftie-Eaton et al., 2016; San Millan, 2018; Zwanzig et al., 2019). An extension to model 2

(Appendix I) separates two kinds of plasmid cost upon which selection could act and estimates

the effect of each from real data - namely costs that are independent or dependent on transfer

rate in turn. The parameters we estimated show that the independent costs are low (0.054 h-1)

compared with the costs caused by derepressed rates of transfer, indicating that the majority of

plasmid cost of high transferring plasmids can be ameliorated through the reduction of transfer

rate. If these parameter estimates are representative across different plasmids, the reduction of

transfer may therefore be the primary source of plasmid cost amelioration. Experimental studies

showing an evolving transfer rate yield conflicting results. For example, some studies show a

decrease in plasmid costs with little change in transfer rate, citing optimisation of the plasmid

to its hosts and the resolution of inefficiencies as causes for cost reduction (Dahlberg and Chao,

2003; Loftie-Eaton et al., 2016). Other plasmids do not have a measurable cost (Fischer et al.,

2014; Wein et al., 2019), and do not necessarily maintain themselves primarily through transfer,

opting for strategies which improve vertical transmission above horizontal (Hall et al., 2017).

One interesting finding from model 1 was that, under host control, selection occurs on the

plasmid reception propensity of the recipient, and this conveys an important fitness advantage.

The literature tends to focus on plasmids or donors as infectious agents in control of plasmid

transfer (Bergstrom et al., 2000; Hall et al., 2017; McAnulla et al., 2007), as they frequently con-

tain genes for initiation and control of plasmid transfer (Frost and Koraimann, 2010; Smit et al.,

1998). Our results demonstrate the selection pressures on recipients that could lead to the evo-

lution of recipient control mechanisms. While some studies show that recipients affect plasmid

transfer rate (Reniero et al., 1992), there are few examples in the literature that have established

mechanisms of recipient control (Chatterjee et al., 2013; Sansonetti et al., 1980). Evolution of
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reception propensity may be more difficult to observe due to the stronger impact of other pres-

sures (e.g. reduction of donor propensity due to the costs of transfer) and the difficulties in the

evolution of recipient entry exclusion mechanisms (Pérez-Mendoza and de la Cruz, 2009). The

results also highlight that the presence of recipients is necessary for the evolution of transfer rate,

at least in cases where plasmid transfer does not occur between cells already carrying a plasmid.

While this is an important consideration due to selection against recipients in the presence of

antibiotics, for instance, the complete removal of recipients is likely to be uncommon in natural

environments. Many plasmids confer social goods (e.g. environmental detoxification) which

enable heterogenous donor-recipient populations (Rankin et al., 2011). The presence of biofilms

can also protect recipient cells from the effects of selective agents (Penesyan et al., 2015). Envi-

ronments also tend not to exhibit selection homogeneously and antibiotics can be only partially

pervasive (Bahl et al., 2009). Donor cells may also be able to infect other donors (superinfection,

Smith, 2011), which provides an opportunity for transfer and subsequent selection on transfer

rates (Gandon et al., 2002), although with little benefit to either donor or recipient (Smith, 2012)

and can be prevented by entry exclusion mechanisms (Hülter et al., 2017).

Predicting plasmid prevalence

Under the majority of conditions that we considered, plasmid prevalence was found to be high

when plasmids are in control of transfer. Reductions in transfer rate due to host-control are

unlikely to reduce plasmid prevalence until the transfer rate is close to the minimum transfer rate

for plasmid persistence, which may be several orders of magnitude below the plasmid selected

transfer rate. A host may therefore need to reduce the transfer rate by several orders of magnitude

to have a substantial effect on plasmid prevalence, and a corresponding effect of the burden of

the plasmid on the population. Furthermore, there is only a very narrow window of parameters

within which values of prevalence between extinction and near-saturation occur. This prompts

the question of why intermediate plasmid prevalence is frequently observed experimentally (Fan

et al., 2019; Fox et al., 2008; Kottara et al., 2018; Lilley and Bailey, 1997, 2002). Some intermediate
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plasmid prevalences may be the result of the absence of adaptation in newly formed host-plasmid

combinations, and further studies investigating the evolution of these parameters in controlled

and natural environments would be valuable.

The models make several assumptions which limit their application in favour of simplicity.

Many of these missing aspects can be considered in future models to improve realism. For ex-

ample, biofilms shape plasmid-host dynamics through the population structures they facilitate,

and specific modelling is needed to assess selection on plasmid transfer rate in these environ-

ments (Beaudoin et al., 1998; Merkey et al., 2011). Phages confer an additional facet of cost,

because cells are particularly vulnerable to some phages during pilus production for transfer,

and which could be explored in conjunction with the costs previous described (Dionisio et al.,

2005; Harrison et al., 2015; Wan and Goddard, 2012). The evolution of rates of transfer in plas-

mid repression/derepression systems is particularly interesting and can lead to very divergent

repressed and derepressed transfer rates several orders of magnitude apart (Haft et al., 2009).

Other interesting aspects of transfer rate control include competence switches and specialisation.

Some plasmids only become transfer competent when conditions are optimal (e.g. high density

of recipients) while in other populations only a fraction of cells in a population become transfer

competent. These mechanisms use quorum sensing to reduce the costs of transfer while max-

imising benefits (Koraimann and Wagner, 2014; McAnulla et al., 2007; Refardt and Rainey, 2010).

The model could be extended in future to include and investigate these factors and their impact

on the results.
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Brännström, Ã., J. Johansson, and N. von Festenberg. 2013. The Hitchhiker’s guide to adaptive

dynamics. Games 4:304–328.

Carroll, A. C., and A. Wong. 2018. Plasmid persistence: costs, benefits, and the plasmid paradox.

Canadian Journal of Microbiology 64:293–304.

Chatterjee, A., L. C. C. Cook, C. C. Shu, Y. Chen, D. A. Manias, D. Ramkrishna, G. M. Dunny,

and W. S. Hu. 2013. Antagonistic self-sensing and mate-sensing signaling controls antibiotic-

resistance transfer. Proceedings of the National Academy of Sciences 110:7086–7090.

31



Cressler, C. E., D. V. McLeod, C. Rozins, J. Van Den Hoogen, and T. Day. 2016. The adaptive

evolution of virulence: A review of theoretical predictions and empirical tests. Parasitology

143:915–930.

Dahlberg, C., and L. Chao. 2003. Amelioration of the Cost of Conjugative Plasmid Carriage in

Eschericha coli K12. Genetics 165:1641–1649.

De Gelder, L., F. P. Vandecasteele, C. J. Brown, L. J. Forney, and E. M. Top. 2005. Plasmid

donor affects host range of promiscuous IncP-1β plasmid pB10 in an activated-sludge microbial

community. Applied and environmental microbiology 71:5309–5317.

del Solar, G., R. Giraldo, M. J. Ruiz-Echevarrı́a, M. Espinosa, and R. Dı́az-Orejas. 1998. Replication

and Control of Circular Bacterial Plasmids. Microbiology and Molecular Biology Reviews

62:434–464.

Dimitriu, T. 2014. The coevolution of gene mobility and sociality in bacteria. Diss. Paris 5.

Dimitriu, T., C. Lotton, J. Bénard-Capelle, D. Misevic, S. P. Brown, A. B. Lindner, and F. Tad-

dei. 2014. Genetic information transfer promotes cooperation in bacteria. Proceedings of the

National Academy of Sciences of the United States of America 111:11103–11108.

Dimitriu, T., D. Misevic, C. Lotton, S. P. Brown, A. B. Lindner, and F. Taddei. 2016. Indirect Fitness

Benefits Enable the Spread of Host Genes Promoting Costly Transfer of Beneficial Plasmids.

PLoS Biology 14:e1002478.

Dimitriu, T., F. Medaney, E. Amanatidou, J. Forsyth, R. J. Ellis, and B. Raymond. 2019. Negative

frequency dependent selection on plasmid carriage and low fitness costs maintain extended

spectrum β-lactamases in Escherichia coli. Scientific reports 9:1–7.

Dionisio, F., I. C. Conceição, A. C. Marques, L. Fernandes, and I. Gordo. 2005. The evolution of a

conjugative plasmid and its ability to increase bacterial fitness. Biology Letters 1:250–252.

32



Dunny, G. M. 2007. The peptide pheromone-inducible conjugation system of Enterococcus fae-

calis plasmid pCF10: Cell-cell signalling, gene transfer, complexity and evolution. Philos Trans

R Soc B Biol Sci 362(1483):1185–93.

Dusi, E., C. Gougat-Barbera, T. U. Berendonk, and O. Kaltz. 2015. Long-term selection experiment

produces breakdown of horizontal transmissibility in parasite with mixed transmission mode.

Evolution 69:1069–1076.

Fan, X. T., H. Li, Q. L. Chen, Y. S. Zhang, J. Ye, Y. G. Zhu, and J. Q. Su. 2019. Fate of antibi-

otic resistant pseudomonas putida and broad host range plasmid in natural soil microcosms.

Frontiers in Microbiology 10:194.

Fernandez-Lopez, R., I. del Campo, C. Revilla, A. Cuevas, and F. de la Cruz. 2014. Negative Feed-

back and Transcriptional Overshooting in a Regulatory Network for Horizontal Gene Transfer.

PLoS Genetics 10:e1004171.

Fischer, E. A., C. M. Dierikx, A. Van Essen-Zandbergen, H. J. Van Roermund, D. J. Mevius,

A. Stegeman, and D. Klinkenberg. 2014. The IncI1 plasmid carrying the bla CTX-M-1 gene

persists in in vitro culture of a Escherichia coli strain from broilers. BMC Microbiology 14:77.

Fox, R. E., X. Zhong, S. M. Krone, and E. M. Top. 2008. Spatial structure and nutrients promote

invasion of IncP-1 plasmids in bacterial populations. The ISME journal 2:1024–1039.

Frost, L. S., and G. Koraimann. 2010. Regulation of bacterial conjugation: balancing opportunity

with adversity. Future microbiology 5:1057–1071.

Frost, L. S., R. Leplae, A. O. Summers, and A. Toussaint. 2005. Mobile genetic elements: the

agents of open source evolution. Nature Reviews Microbiology 3:722–732.

Gama, J. A., R. Zilhão, and F. Dionisio. 2017. Conjugation efficiency depends on intra and in-

tercellular interactions between distinct plasmids: plasmids promote the immigration of other

plasmids but repress co-colonizing plasmids. Plasmid 93:6–16.

33



Gandon, S., M. van Baalen, and V. A. A. Jansen. 2002. The evolution of parasite virulence,

superinfection, and host resistance. The American naturalist 159:658–669.

Geritz, S., Ã. Kisdi, G. Meszéna, and J. Metz. 1998. Evolutionarily singular strategies and the

adaptive growth and branching of the evolutionary tree. Evolutionary Ecology 12:35–57.

Gibson, A. K., K. S. Stoy, I. A. Gelarden, M. J. Penley, C. M. Lively, and L. T. Morran. 2015. The

evolution of reduced antagonism–A role for host-parasite coevolution. Evolution 69:2820–2830.

Gibson, B., D. J. Wilson, E. Feil, and A. Eyre-Walker. 2018. The distribution of bacterial doubling

times in the wild. Proceedings of the Royal Society B: Biological Sciences 285:20180789.

Haft, R. J. F., J. E. Mittler, and B. Traxler. 2009. Competition favours reduced cost of plasmids to

host bacteria. The ISME Journal 3:761–769.

Hall, J. P., M. A. Brockhurst, C. Dytham, and E. Harrison. 2017. The evolution of plasmid stability:

Are infectious transmission and compensatory evolution competing evolutionary trajectories?

Plasmid 91:90–95.

Harris, D., and E. Paul. 1994. Measurement of bacterial growth rates in soil. Applied Soil Ecology

1:277–290.

Harrison, E., C. Dytham, J. P. J. Hall, D. Guymer, A. J. Spiers, S. Paterson, and M. A. Brockhurst.

2016. Rapid compensatory evolution promotes the survival of conjugative plasmids. Mobile

genetic elements 6:e1179074.

Harrison, E., A. Jamie Wood, C. Dytham, J. W. Pitchford, J. Truman, A. Spiers, S. Paterson, and

M. A. Brockhurst. 2015. Bacteriophages limit the existence conditions for conjugative plasmids.

mBio 6:e00586.

Hendricks, C. W. 1972. Enteric bacterial growth rates in river water. Applied microbiology

24:168–174.

34



Hsu, S. B., and P. Waltman. 1997. Competition between plasmid-bearing and plasmid-free organ-

isms in selective media. Chemical Engineering Science 52:23–35.

Hülter, N., J. Ilhan, T. Wein, A. S. Kadibalban, K. Hammerschmidt, and T. Dagan. 2017. An

evolutionary perspective on plasmid lifestyle modes. Current Opinion in Microbiology 38:74–

80.

Jalasvuori, M., V. P. Friman, A. Nieminen, J. K. Bamford, A. Buckling, and T. Dagan. 2017.

Bacteriophage selection against a plasmid-encoded sex apparatus leads to the loss of antibiotic-

resistance plasmids. Biology letters, 7:902–905.

Jiang, W., I. Maniv, F. Arain, Y. Wang, B. R. Levin, and L. A. Marraffini. 2013. Dealing with the

Evolutionary Downside of CRISPR Immunity: Bacteria and Beneficial Plasmids. PLoS Genet

9(9):e1003844.

Koraimann, G., and M. A. Wagner. 2014. Social behavior and decision making in bacterial conju-

gation. Frontiers in Cellular and Infection Microbiology 4:54.

Kottara, A., J. P. J. Hall, E. Harrison, and M. A. Brockhurst. 2018. Variable plasmid fitness

effects and mobile genetic element dynamics across Pseudomonas species. FEMS Microbiology

Ecology 94:fix172

Kozlowicz, B. K., K. Shi, Z. Y. Gu, D. H. Ohlendorf, C. A. Earhart, and G. M. Dunny. 2006. Molec-

ular basis for control of conjugation by bacterial pheromone and inhibitor peptides. Molecular

Microbiology 62:958–969.

Kribs-Zaleta, C. M. 2014. Graphical analysis of evolutionary trade-off in sylvatic Trypanosoma

cruzi transmission modes. Journal of Theoretical Biology 353:34–43.

Lau, B. T. C., P. Malkus, and J. Paulsson. 2013. New quantitative methods for measuring plasmid

loss rates reveal unexpected stability. Plasmid 70:353–361.

35



Lauffenburger, D. A. 1985. Stability of Colicin Plasmids in Continuous Culture: Mathematical

Model and Analysis. Biotechnology Progress 1:53–59.

Levin, B. 1980. Conditions for the existence of R-plasmids in bacterial populations. Page 410 in

S. Mitsuhashi, L. Rosival, and V. Kremery, eds. Antibiotic resistance: transposition and other

mechanisms, 1st ed. Springer-Verlag Berlin Heidelberg.

Levin, B. R., and V. A. Rice. 1980. The kinetics of transfer of nonconjugative plasmids by mobi-

lizing conjugative factors. Genetical Research 35:241–259.

Levin, B. R 2010. Nasty viruses, costly plasmids, population dynamics, and the conditions for

establishing and maintaining CRISPR-mediated adaptive immunity in bacteria. PLoS Genet.

6(10):e1001171.

Levin, B. R., F. M. Stewart, and V. A. Rice. 1979. The kinetics of conjugative plasmid transmission:

Fit of a simple mass action model. Plasmid 2:247–260.

Lilley, A. K., and M. J. Bailey. 1997. Impact of Plasmid pQBR103 Acquisition and Carriage on the

Phytosphere Fitness of Pseudomonas fluorescens SBW25: Burden and Benefit. Applied and

environmental microbiology 63:1584–1587.

Lilley, A. K., and M. J. Bailey. 2002. The transfer dynamics of Pseudomonas sp. plasmid pQBR11

in biofilms. FEMS Microbiology Ecology 42:243–250.

Lipsitch, M., and B. R. Levin. 1997. The population dynamics of antimicrobial chemotherapy.

Antimicrobial agents and chemotherapy 41:363–373.

Lipsitch, M., S. Siller, and M. A. Nowak. 1996. The Evolution of Virulence in Pathogens with

Vertical and Horizontal Transmission. Evolution 50:1729-1741.

Loftie-Eaton, W., K. Bashford, H. Quinn, K. Dong, J. Millstein, S. Hunter, M. K. Thomason,

H. Merrikh, J. M. Ponciano, and E. M. Top. 2017. Compensatory mutations improve general

permissiveness to antibiotic resistance plasmids. Nature Ecology and Evolution 1:1354–1363.

36



Loftie-Eaton, W., H. Yano, S. Burleigh, R. S. Simmons, J. M. Hughes, L. M. Rogers, S. S. Hunter,

M. L. Settles, L. J. Forney, J. M. Ponciano, and E. M. Top. 2016. Evolutionary paths that expand

plasmid host-range: Implications for spread of antibiotic resistance. Molecular Biology and

Evolution 33:885–897.

Lopatkin, A. J., S. Huang, R. P. Smith, J. K. Srimani, T. A. Sysoeva, S. Bewick, D. K. Karig, and

L. You. 2016. Antibiotics as a selective driver for conjugation dynamics. Nature Microbiology

1:1–8.

Lopatkin, A. J., H. R. Meredith, J. K. Srimani, C. Pfeiffer, R. Durrett, and L. You. 2017. Persistence

and reversal of plasmid-mediated antibiotic resistance. Nature Communications 8:1–10.

Lundquist, P. D., and B. R. Levin. 1986. Transitory derepression and the maintenance of conjuga-

tive plasmids. Genetics 113:483–497.

Magalon, H., T. Nidelet, G. Martin, and O. Kaltz. 2010. Host growth conditions influence ex-

perimental evolution of life history and virulence of a parasite with vertical and horizontal

transmission. Evolution 64:2126–2138.
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