
Evolutionary rescue and drug resistance on multicopy
plasmids

Mario Santer and Hildegard Uecker

Research group Stochastic Evolutionary Dynamics, Department of Evolutionary Theory,
Max Planck Institute for Evolutionary Biology, 24306 Plön, Germany

1

.CC-BY-NC-ND 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/2019.12.23.887315doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.23.887315
http://creativecommons.org/licenses/by-nc-nd/4.0/


Short title: Adaptation on multicopy plasmids

Keywords: rapid adaptation, antibiotic resistance, bacterial evolution, plasmid copy num-
ber, dominance

Corresponding author:

Mario Santer
Max Planck Institute for Evolutionary Biology
August-Thienemann-Strasse 2
24306 Plön, Germany
Email: santer@evolbio.mpg.de
Phone: + 49 4522 763 576

2

.CC-BY-NC-ND 4.0 International licenseauthor/funder. It is made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/2019.12.23.887315doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.23.887315
http://creativecommons.org/licenses/by-nc-nd/4.0/


Abstract1

Bacteria often carry “extra DNA” in form of plasmids in addition to their chro-2

mosome. Many plasmids have a copy number greater than one such that the genes3

encoded on these plasmids are present in multiple copies per cell. This has evo-4

lutionary consequences by increasing the mutational target size, by prompting the5

(transitory) co-occurrence of mutant and wild-type alleles within the same cell, and6

by allowing for gene dosage effects. We develop and analyze a mathematical model for7

bacterial adaptation to harsh environmental change if adaptation is driven by benefi-8

cial alleles on multicopy plasmids. Successful adaptation depends on the availability9

of advantageous alleles and on their establishment probability. The establishment10

process involves the segregation of mutant and wild-type plasmids to the two daugh-11

ter cells, allowing for the emergence of mutant-homozygous cells over the course of12

several generations. To model this process, we use the theory of multi-type branch-13

ing processes, where a type is defined by the genetic composition of the cell. Both14

factors – the number of adaptive alleles and their establishment probability – depend15

on the plasmid copy number, and they often do so antagonistically. We find that16

in the interplay of various effects, a lower or higher copy number may maximize the17

probability of evolutionary rescue. The decisive factor is the dominance relationship18

between mutant and wild-type plasmids and potential gene dosage effects. Results19

from a simple model of antibiotic degradation indicate that the optimal plasmid copy20

number may depend on the specific environment encountered by the population.21
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Introduction22

Plasmids are extrachromosomal DNA elements that can be transmitted vertically or be23

transferred horizontally between cells and are commonly found in bacteria. Plasmids usu-24

ally do not carry essential genes and are sometimes depicted as parasites that infect and25

exploit the bacterial cell, imposing a cost on its host. However, genes on plasmids can code26

for traits that are beneficial in specific environments such as resistance to antibiotics or the27

ability to metabolize rarely encountered carbon sources (Eberhard, 1989, 1990; MacLean28

and San Millan, 2015).29

While some (usually large) plasmids only exist in a single copy within the bacterial cell,30

many plasmids are present in several copies per cell, some even in several hundreds (Friehs,31

2004). The importance of the plasmid copy number for the evolutionary dynamics of genes32

on plasmids and the consequences for bacterial adaptation have recently started to gain33

increased attention (San Millan et al., 2016; Rodriguez-Beltran et al., 2018; Ilhan et al.,34

2019).35

Compared to genes on a single-copy plasmid or on a haploid chromosome, there are several36

important differences. First, the mutational target size is multiplied by the copy num-37

ber, making the appearance of mutations more likely (San Millan et al., 2016). Second,38

novel alleles appearing through mutation or novel genes acquired through transformation39

are initially only present on one of the plasmid copies. At cell division, as sketched in40

Fig. 1A, the segregation of plasmids to the daughter cells generates cells with a plasmid41

composition different from that of the mother cell, and thereby cells with a higher fraction42

of mutant plasmids may arise (San Millan et al., 2016; Halleran et al., 2019). Yet, through43

this segregation process, alleles on plasmids are subject to an extra-layer of drift, termed44

‘segregational drift’ by Ilhan et al. (2019). This affects, in particular, the establishment45

probability of novel alleles on plasmids. On the other hand, the coexistence of mutant and46
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wild-type plasmids within the same cell may allow the cell to escape from fitness trade-offs47

(Rodriguez-Beltran et al., 2018). Last, gene dosage effects can lead to an amplification48

of a gene’s effect such as increased levels of resistance if carried on a multicopy plasmid49

(Martinez and Baquero, 2000; San Millan et al., 2016; Santos-Lopez et al., 2017).50

These effects have been demonstrated in several evolution experiments. San Millan et al.51

(2016) exposed E. coli populations that carried a blaTEM-1 β-lactamase gene either on52

the chromosome or on a multicopy plasmid to increasing levels of ceftazidime. Different53

alleles of the blaTEM-1 β-lactamase gene confer resistance to different antibiotics, and the54

original allele inserted by San Millan et al. (2016) conferred resistance to ampicillin but55

not to ceftazidime. Mutations can, however, generate an allele that provides ceftazidime56

resistance (see also Blazquez et al., 1995). San Millan et al. (2016) found that high levels57

of resistance were more likely to evolve when the gene was present on a multicopy plasmid58

due to (1) the increased mutational input, (2) the following increase of the fraction of59

mutant plasmids per cell through segregation, and (3) gene dosage effects. Using the60

same experimental system, Rodriguez-Beltran et al. (2018) showed that the existence of61

heterozygous cells, carrying wild-type and mutant plasmids, allowed populations to escape62

from fitness trade-offs, since these cells were resistant to both antibiotics. In a different63

setup, in the study by Santos-Lopez et al. (2017), the coexistence of a mutated plasmid and64

a wild-type plasmid allowed for a higher copy number and higher resistance than found for65

either plasmid type on its own, combining again two benefits of multicopy plasmids (the66

possibility of heterozygosity and gene dosage effects). Ilhan et al. (2019) finally studied67

the rate of evolution on two multicopy plasmids, one with a low and the other one with a68

high copy number. The accumulation of new mutations was lower than expected by the69

mutational target size, reflecting the decreased establishment probability of mutations on70

multicopy plasmids (at least in the absence of dosage effects).71

Theoretical studies that quantify and disentangle the described effects are still rare. Some72

experiments are complemented by models and computer simulations (Rodriguez-Beltran73
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et al., 2018; Ilhan et al., 2019). In addition, Halleran et al. (2019) show that random74

segregation of plasmid variants into the daughter cells speeds up adaptation compared to75

an equal partition that leads to exact copies of the mother cell.76

In this article, we develop a mathematical framework to study bacterial adaptation driven77

by novel alleles on multicopy plasmids. To be specific, we will often refer to the evolu-78

tion of antibiotic resistance throughout the manuscript. Yet, the results equally apply to79

other beneficial alleles. Using the mathematical theory of multitype branching processes,80

we determine the establishment probability of a novel allele that initially arises on a sin-81

gle plasmid copy within a single cell. Using these results, we calculate the probability82

of evolutionary rescue – i.e. the probability that the bacterial population escapes extinc-83

tion following environment change through adaptive evolution – if the novel allele appears84

through mutation in an existing plasmid-carried gene. This probability depends on the85

mutational input and on the establishment probability of mutations. The plasmid copy86

number often has antagonistic effects on these two factors, making it non-obvious whether87

a higher or lower copy number leads to a higher probability of rescue. We especially ex-88

plore how the relationship between the plasmid composition within a cell and bacterial89

fitness influences the results. As an example, we apply the framework to a simple model90

for antibiotic resistance through enzymatic antibiotic degradation, in which we derive this91

relationship mechanistically. We finally extend the modeling framework to account for92

adaptation from the standing genetic variation.93

The Model94

We consider a bacterial population of initially N0 cells. Each bacterial cell contains exactly95

n copies of a non-transmissible plasmid. We distinguish two variants of this plasmid: the96

wild-type plasmid and the mutant plasmid. Initially, all cells are homozygous for the97
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Figure 1: Bacterial adaptation on multicopy plasmids. Panel A: Segregation of plasmids at cell division and establishment of
the resistance mutation (figure adapted from San Millan et al. (2016)). Panel B: Evolutionary rescue through de novo mutations on
a multicopy plasmid.

wild-type plasmid and sensitive to an antibiotic in their environment. The population98

size therefore declines due to the drug pressure, and the population will go extinct unless99

resistance evolves (see Fig. 1B). A resistance allele can appear through a single mutation100

of a gene on the multicopy plasmid (mutant plasmid). As explained above, this is possible101

if the wild-type plasmid carries a resistance gene that confers resistance to some antibiotic102

but not to the one currently present (see San Millan et al., 2016). The level of resistance of103

a cell depends on its plasmid composition. Further below, we extend our model to include104

standing genetic variation.105

We model the population dynamics by a birth-death process with birth (cell division)106

and death rates λ(n)i and µ
(n)
i for a cell with n plasmids and i mutated plasmids. We107

denote the Malthusian fitness of a bacterial cell by s(n)i = λ
(n)
i − µ

(n)
i . For cells that are108

homozygous for the wild-type plasmid (i = 0) and hence sensitive to the antibiotic, it109

holds that λ(n)0 < µ
(n)
0 . With an increasing number of mutant plasmids in a cell, the birth110

rate increases (λ(n)i ≤ λ
(n)
i+1), and/or the death rate decreases (µ(n)

i ≥ µ
(n)
i+1). We normally111

assume that at least the cell type with only mutated plasmids (i = n) is resistant, so that112

λ
(n)
n − µ(n)

n > 0. Otherwise the bacterial population could not escape ultimate extinction.113

The shape of λ(n)i and µ(n)
i as a function of i reflects the dominance relationship between the114

mutant and the wild-type allele. Gene dosage effects can lead to a higher fitness of mutant115
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homozygotes with increasing plasmid copy number (i.e. λ(n+1)
n+1 > λ

(n)
n or µ(n+1)

n+1 < µ
(n)
n ). On116

the other hand, plasmids can impose a cost on the cell, and it is plausible to assume that117

this cost increases with the copy number. We implement plasmid costs as an increase in the118

death rate that depends linearly on n, e.g. µ(n)
i = 1 + cn. However, for most part, we ignore119

plasmid costs (c = 0) in order to disentangle the cost-independent effects of n on rescue.120

For all numerical examples presented in the figures, we choose µ(n)
i = 1 (or = 1 + cn) and121

λ
(n)
i = 1 + s

(n)
i . We set a hard carrying capacity of N0 cells. When the population size122

exceeds N0, a random cell is removed.123

We assume that plasmid replication and cell division are perfectly synchronized. Right124

before cell division, each plasmid is replicated exactly once. At plasmid replication, muta-125

tion from the wild-type to the mutant plasmid occurs with probability u per plasmid. We126

neglect back mutations. Then the cell divides, and each daughter cell receives exactly n127

plasmids. The distribution of wild-type and mutant plasmids to the daughter cells, how-128

ever, is random. The probability that a cell that contains i mutant plasmids before and129

2i + x mutant plasmids after plasmid replication (x denotes here the number of newly130

mutated wild-type plasmids) divides into daughter cells with k and (2i + x) − k mutant131

plasmids, respectively, is given by132

P (i→ {k, (2i+ x)− k}) =


2

(2i+x
k )(2n−(2i+x)

n−k )
(2n
n )

for k 6= i+ x
2
,

( 2i+x
i+x/2)(

2n−(2i+x)
n−i−x/2 )

(2n
n )

for k = i+ x
2
.

(1)133

E.g., disregarding mutation (x = 0), a cell with two plasmids (n = 2), one of which is134

mutated (i = 1), divides into two heterozygous daughter cells with probability 2
3
and in a135

homozygous wild-type and a homozygous mutant cell with probability 1
3
.136

The chosen model for plasmid replication and segregation is mathematically convenient137

and captures the essence of the process by introducing stochasticity in the number of138

mutant plasmids inherited by each daughter cell. However, it contains several simplifying139
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assumptions. For example, plasmids are normally replicated after cell division. Thereby,140

some plasmids may be copied several times, and others not at all. An equal distribution141

of the plasmid copies contained in the mother cell to the daughter cells is an idealization,142

reflecting a perfect partitioning system. How segregation occurs varies across plasmids143

and moreover differs between low-copy and high-copy plasmids. Given the variation in144

segregation mechanisms and differences between plasmids with low and high copy numbers,145

no model fits them all, and we here choose one extreme. To test the robustness of our results,146

we set up and analyze two alternative models for plasmid replication and segregation in147

the supplementary information, section S1, in which we relax some of the assumptions.148

Analysis and Results149

Stochastic computer simulations150

We perform stochastic computer simulations that exactly implement the model. The code151

is written in the C++ programming language, following the Gillespie algorithm (Gillespie,152

1976) and making use of the GNU Scientific library (Galassi et al., 2009). We track the153

bacterial population until it has either gone extinct or until the mutant homozygote has154

reached a critical number Nc above which the probability of extinction of the homozy-155

gote population is less than 1%. We determine this threshold mathematically through156 (
1− phomest

)Nc
< 1%, where phomest is the probability that a single mutant homozygous indi-157

vidual establishes a permanent lineage of offspring. We provide an expression for phomest in158

Eq. (A.6).159

Mathematical approach160

Whether the bacterial population successfully adapts or goes extinct depends on two factors:161

the mutational supply and the establishment probability of the resistance mutation once162
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it has appeared. New resistance mutations appear approximately at rate unλ(n)0 N (n)(t)163

during population decline, where N (n)(t) is the number of wild-type homozygous cells at164

time t. (The approximation assumes that within any one cell, at most one plasmid copy165

acquires a mutation during replication.) The mutational supply hence linearly increases166

with the plasmid copy number n. Since the initial cell population is large, we describe167

the dynamics of wild-type homozygous cells deterministically (cf. Orr and Unckless, 2008;168

Tazzyman and Bonhoeffer, 2014; Uecker et al., 2014; Uecker and Hermisson, 2016; Uecker,169

2017). Hence:170

N (n)(t) = N0e
−|λ(n)0 −µ

(n)
0 |t (2)171

Yet, for evolutionary rescue to occur, it is not sufficient that a resistance mutation ap-172

pears before the wild-type population goes extinct. It also needs to escape stochastic loss.173

We hence do not need to compute the rate of appearance of resistance mutations but the174

rate of appearance of successful resistance mutations. Any resistance mutation first ap-175

pears in a single plasmid copy within a single cell, and we denote by p(n)est its establishment176

probability. Then, the rate of appearance of successful resistance mutations is given by177

unλ
(n)
0 N (n)(t)p

(n)
est . To determine p(n)est , we use the mathematical theory of multitype branch-178

ing processes (see Appendix A).179

With this, the probability of evolutionary rescue by de novo mutations can be approximated180

by181

P (de novo)
rescue ≈ 1− e

−
∞∫
0

unλ
(n)
0 N(n)(t)p

(n)
est dt

= 1− e
−unλ(n)0

N0

µ
(n)
0 −λ(n)0

p
(n)
est

(3)182

(see Orr and Unckless, 2008; Martin et al., 2013; Tazzyman and Bonhoeffer, 2014; Uecker183

et al., 2014; Uecker and Hermisson, 2016; Uecker, 2017; Anciaux et al., 2018). The expo-184

nential function is the zeroth term of a Poisson distribution and gives the probability that185

no successful resistance mutation appears in time, i.e. that the population goes extinct.186

Note that within this approach, rescue on a single copy plasmid is identical to rescue on a187

haploid chromosome (assuming equal mutation probabilities).188
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Analytical solutions for one and two plasmid copies per cell189

In a first step, we consider plasmids with copy numbers n = 1 and n = 2. For single-copy190

plasmids, establishment of the resistance mutation is simply determined by the dynamics191

of cell division and death, while for two-copy plasmids, segregation plays a role since het-192

erozygous cells can either have two heterozygous or two homozygous daughter cells. The193

potential production of a daughter cell that is homozygous for the maladaptive wild-type194

allele a priori opposes establishment of the resistance mutation on a two-copy plasmid.195

On the other hand, gene dosage effects may outweigh this disadvantage. Moreover, the196

mutational input unλ(n)0 N (n) is twice as high on a two-copy plasmid (assuming that the197

plasmid copy number does not affect the fitness of wild-type homozygotes).198

For n = 1 and n = 2, simple analytical solutions for p(n)est exist (from Eq. (A.2)):199

p
(n=1)
est =

λ
(1)
1 − µ

(1)
1

λ
(1)
1

, (4)200

p
(n=2)
est =

1

4
− 3

4

µ
(2)
1

λ
(2)
1

+
1

4

√√√√9− 6
µ
(2)
1

λ
(2)
1

+ 9

(
µ
(2)
1

λ
(2)
1

)2

− 8
µ
(2)
2

λ
(2)
2

. (5)201

202

This allows us to analyze in detail how these effects play out. Under which conditions is the203

establishment probability of a beneficial allele higher on a two-copy than on a single-copy204

plasmid? And when is evolutionary rescue more likely?205

We distinguish two cases: (1) There are no gene dosage effects, and the level of resistance206

depends on the relative number of mutated plasmids in the cell, hence λ(1)1 = λ
(2)
2 ≡ λhom207

and µ(1)
1 = µ

(2)
2 ≡ µhom. (2) There are gene dosage effects, and the level of resistance depends208

on the absolute number of mutated plasmids in the cell, hence λ(1)1 = λ
(2)
1 ≡ λ1 ≤ λ

(2)
2 ≡ λ2209

and µ(1)
1 = µ

(2)
1 ≡ µ1 ≥ µ

(2)
2 ≡ µ2. In both cases, we assume that there is no cost associated210

with a higher plasmid copy number.211
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It is intuitive and can also be derived from a comparison of the formulas for p(1)est and p(2)est212

that in scenario (1), the establishment probability is always higher if the cell carries one213

plasmid than if it carries two. However, with two plasmid copies, the mutational input214

is higher, which may outweigh the lower establishment probability. Inserting formulas (4)215

and (5) into Eq. (3) and comparing the rescue probabilities shows that rescue is more likely216

to occur on a two-copy plasmid if217

λhet
µhet

>
3λhom
µhom

1 + 2λhom
µhom

, (6)218

where λhet and µhet are the birth and death rates of the heterozygous two-copy cell (λhet ≡219

λ
(2)
1 and µhet ≡ µ

(2)
1 ). The fitness of heterozygous cells hence needs to be sufficiently high;220

otherwise the higher mutational input for n = 2 is insufficient to outweigh the lower estab-221

lishment probability. In particular, evolutionary rescue is less likely on a two-copy plasmid222

than on a single-copy plasmid if heterozygous two-copy cells have a negative Malthusian223

fitness λhet − µhet. In the special case µ(n)
i = 1 for all n and i and λhom = 1 + s and224

λhet = 1 + αs, condition (6) simplifies to225

α >
1

3 + 2s
≈ 1

3
. (7)226

The variable α should not be confounded with the dominance coefficient of the mutation227

since the effect of the mutation is not s but λhom − λ(n)0 . The dominance coefficient above228

which rescue is more likely on a two-copy than on a single-copy plasmid depends both on229

λ
(n)
0 and on the beneficial effect of the mutation. The higher λ(n)0 and the more beneficial230

the mutation, the lower is the required dominance coefficient.231

In scenario (2) with gene dosage effects, the establishment probability can be higher with232
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two plasmid copies than with one. This is the case if233

λ2
µ2

>

(
λ1
µ1

)2

. (8)234

For the probability of evolutionary rescue, we find that under the above assumptions, two235

plasmid copies are always advantageous (see section S2 in the supplementary information).236

Remember though that we assumed that the second plasmid copy did not impose any addi-237

tional cost. An additional cost, if strong enough, can make the second copy disadvantageous238

despite gene dosage effects.239

Arbitrary copy numbers240

In the previous section, we saw that – as is also intuitively expected – the fitness of het-241

erozygous cells and potential gene dosage effects determine whether a copy number of one242

or two is advantageous. Here, we proceed to investigate for arbitrary copy numbers how the243

relationship between the plasmid composition of a cell – i.e. the number of mutant plasmids244

i and wild-type plasmids (n− i) – and the cell’s fitness influences the form of Prescue(n). In245

the absence of gene dosage effects (i.e. if the fitness of mutant homozygotes is independent246

of n), we refer to this relationship as the dominance function of a mutant allele. In order247

to determine the establishment probabilities p(n)est , we solve Eq. (A.5) numerically (and then248

use Eq. (A.1)). Throughout this section, we set µ(n)
i ≡ 1 for all n and i, and only the birth249

rate λ(n)i depends on n and i. Wild-type cells have a Malthusian fitness s(n)0 = s0 that is250

independent of n. We consider examples of three different types of plasmid mutations with251

different shapes of dominance functions – (i) dominant mutations (Fig. 2A), (ii) recessive252

mutations (Fig. 2B), (iii) mutations of intermediate dominance (Fig. 2C) – and (iv) mu-253

tations with a gene dosage effect (Fig. 2D). For (i)-(iii), s(n)n = smax is independent of n,254

while it increases with n in case (iv).255
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For n = 1, the fate of the mutant plasmid is entirely determined by the birth and death256

dynamics of the mutant cell. In contrast, for higher copy plasmid numbers, segregation of257

mutant plasmid during cell division of heterozygous cells leads in general to one daugh-258

ter cell with a lower number of mutant plasmids, stretching the establishment process of259

the mutant plasmid over a larger number of cell generations. If the fitness of mutant ho-260

mozygotes is independent of n (cases (i)-(iii)), establishment of the mutant plasmid gets261

therefore less likely with increasing copy number n irrespective of the concrete dominance262

function (Fig. 2E-G). How strongly the establishment probability drops with n, however,263

depends on the dominance function.264

For dominant mutations (case i), cells only need to carry one mutant plasmid to be resistant.265

Formally, dominant mutations are defined by s
(n)
i = smax for i > 0. Then, p(n)est only266

moderately decreases with n and eventually converges to a constant (Fig. 2E). We find267

that the increase in the mutational supply with higher copy numbers exceeds the decrease268

in the establishment probability such that the probability of evolutionary rescue increases269

with the plasmid copy number (Fig. 2I).270

For recessive plasmid mutations (case ii), only cells where all plasmid copies are mutated271

are resistant. Cells with a heterozygous plasmid composition are, just as wild-type cells,272

fully susceptible (s(n)i = s0 for i < n). Establishment probabilities for this plasmid type273

fall sharply with increasing plasmid copy numbers to very low values (Fig. 2F). Since274

heterozygous cells are susceptible to the antibiotic and are less likely to divide than to275

die, it is unlikely that a resistant homozygous mutant cell establishes if many cell divisions276

are required to generate it. Unlike for dominant mutations, rescue probabilities decrease277

with the plasmid copy number (Fig. 2J). The drop in the establishment probability is so278

dramatic that it cannot be compensated for by the higher supply of new mutations for279

higher plasmid copy numbers.280

For intermediate dominance (case iii), we assume a Malthusian fitness sni that increases281

linearly with the relative number of mutant plasmids, i.e. s(n)i = s0 + i
n

(smax − s0). The be-282
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havior of p(n)est is in-between the two extremes of dominant and recessive mutations (Fig. 2G).283

If the fitness of homozygous mutant cells smax is large, we observe a slight maximum in the284

rescue probability as a function of the plasmid copy number (Fig. 2K). This is the result285

of the antagonistic effects of the plasmid copy number on the establishment probability286

(decrease with n) and on the mutational input (increase with n). This maximum is shifted287

to higher plasmid copy numbers with increasing smax. If the fitness benefit of the mutation288

is small, Prescue monotonically decreases with n.289

Finally, we discuss the dependence of establishment and rescue probabilities on the plasmid290

copy number for mutations with a gene dosage effect (case iv). In this case, fitness of a291

bacterium depends on the absolute number of mutated plasmids within a cell, and cells292

with different plasmid copy numbers need the same absolute number of mutated plasmid293

copies to get resistant. We here implement a linear increase of the fitness with n, i.e.294

s
(n)
i := s0 + i · s. In that case, we find that the establishment probability increases with the295

plasmid copy number since the negative effect of segregational drift on establishment of296

the mutant plasmid is outweighed by the higher fitness of mutant homozygotes (Fig. 2H).297

In the limit of high copy numbers, the establishment probability reaches a constant value.298

If the increase in fitness per beneficial plasmid s is small and the plasmid copy number299

low, mutant homozygotes do not have a positive Malthusian fitness and the establishment300

probability of the mutant plasmid is hence zero (see inset of Panel H). Obviously, since301

both the mutational input and p
(n)
est increase with n under the implemented gene dosage302

effects, rescue is more likely for high than for low copy number plasmids (Fig. 2L).303

In the supplementary information, section S1, we show the rescue probabilities under two304

alternative models of plasmid replication and segregation and compare the results with305

those presented here. General trends are robust. Yet, especially for recessive mutations,306

differences appear. The decline of Prescue with n is much less strong under the alternative307

schemes, and low but intermediate copy numbers may even be best (though only by a very308

slight margin) for the bacterial population.309
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(iii) Mutation of intermediate dominance

C

0

smax

s0

r r

r

r

rr

M
al

th
u
si

an
fi
tn

es
s
s(

n
)

i

number of mutant plasmids i

G

1 4 8 12 16 20

plasmid copy number n

0.0

0.2

0.4

0.6

0.8

1.0

es
ta

b
li
sh

m
en

t
p

ro
b

. smax

1.

0.5

0.1

0.01

K

1 4 8 12 16 20

plasmid copy number n

0.0

0.2

0.4

0.6

0.8

1.0

re
sc

u
e

p
ro

b
ab

il
it

y

(iv) Gene dosage effect
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Figure 2: The influence of the dominance function of a plasmid mutation and of gene dosage effects on the estab-
lishment of resistance-conferring plasmid variants and the probability of evolutionary rescue. We consider three
generic types of dominance functions for plasmid mutations (i-iii) and gene dosage effects (iv). Panels A-D: Illustration of the relation
between cell types and their Malthusian fitness. Panels E-H: Establishment probabilities of a plasmid mutation arising on a single
plasmid copy. Panels I-L: Probability of evolutionary rescue from de novo mutations. Without gene dosage effects, the establishment
probability decreases with the plasmid copy number. Yet, the probability of evolutionary rescue may still increase with n if the decline
in the establishment probability is compensated by the increased mutational supply. Results for the establishment probabilities were
obtained numerically by using Eq. (A.5) with Eq. (A.1). These were inserted into Eq. (3) to obtain the probability of evolutionary
rescue. Parameters: s0 = −0.1, uN0 = 0.1, N0 = 105. Open circles show averages over 104 stochastic simulations.
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Example: The influence of the antibiotic concentration310

So far, we have fixed the relationship between the plasmid composition of a cell and its311

fitness. Yet, this relationship derives from the specific resistance mechanism and likely312

from the environmental conditions. Here we use a simple model to demonstrate how the313

above formalism can be applied to concrete situations of resistance evolution. Using a basic314

mechanistic model for cell resistance, we establish how the dominance function depends on315

the external antibiotic concentration to which the bacterial population gets exposed. We316

then determine the concentration-dependent probability of evolutionary rescue for a range317

of plasmid copy numbers.318

We assume that the fitness of a bacterial cell depends on the antibiotic concentration cin319

within the cell and take the corresponding dose-response curve S(cin) as given (Fig. 3A and320

Eq. (B.1)). For the wild-type, the internal concentration cin equals the antibiotic concen-321

tration in the environment cout. A decrease of the internal concentration occurs through322

enzymes that degrade the antibiotic within the cell (Eq. (B.3)). The corresponding gene is323

located on the plasmid and carries a mutation in the mutant plasmid. The mutation does324

not impose a fitness cost. While both plasmid variants, wild-type and mutant plasmids,325

code for the enzyme, only the mutated version can degrade the specific antibiotic (Fig. 3B).326

The rate of antibiotic degradation increases with the number of mutated plasmids within327

the bacterial cell. Consequently, the internal concentration decreases with i, and bacterial328

fitness increases as determined by the shape of the dose response curve (Fig. 3A). Details329

on the model can be found in Appendix B.330

We distinguish two limiting cases. In the first case, we assume that the resources (e.g.331

proteins) needed for the production of the degrading enzyme are limited. The limiting332

factor that determines the rate of enzyme production is not the number of mutated plasmid333

copies but the available resources for which wild-type and mutant plasmids are competing.334

In that case, the rate of mutated enzyme production and thus the antibiotic degradation335
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rate depend on the relative number of mutated plasmids i/n per cell (see the inset of Fig. 3C336

for the fitness of different cell types as a function of cout). Concretely, we assume that337

the enzyme production increases linearly with i/n (Eq. (B.4)). We find that the optimal338

plasmid copy number n changes with the antibiotic concentration (Fig. 3C). The reason339

is that the dominance function changes along the antibiotic gradient (Fig. 2D). For low340

concentrations, a small change in the internal antibiotic concentration (i/n small) leads to341

a large fitness increase (Fig. 3A) such that the mutation has a concave dominance function342

(cout = 1.1 in Fig. 3D). This resembles the dominant mutation from the previous section.343

For these concentrations, a high plasmid copy number maximizes population persistence.344

For high concentrations, in contrast, a high fraction of mutant plasmids is required to345

achieve an appreciable increase in fitness (Fig. 3A). Then, the dominance function is convex,346

resembling a recessive mutation (cout = 1.6 in Fig. 3D). In this regime, a low copy number347

leads to the highest probability of evolutionary rescue. For intermediate concentrations,348

the dominance function has an inflection point and an intermediate copy number is most349

advantageous for the bacterial population (cout = 1.3 and cout = 1.4 in Fig. 3).350

In the second case that we consider, the enzyme production and the degradation rate351

depend on the absolute number of mutated plasmids i, i.e. not the resources needed for352

enzyme production are the limiting factor but the number of mutant plasmids. This reflects353

a gene dosage effect. We assume here that the enzyme production increases linearly with354

i (Eq. (B.5)). The Malthusian fitness of cell types with i = 0, 1, 2, . . . mutated plasmid355

copies as a function of the external antibiotic concentration is shown in the inset of Fig. 3E,356

assuming as in the previous section that plasmids do not impose a fitness cost. At all357

concentrations, rescue is more likely for higher n (Fig. 3E).358

This simple picture changes if plasmids have a high fitness cost, which increases the death359

rate by c per copy number in our model. In that case, the fitness of wild-type cells decreases360

with the plasmid copy number, and even for mutant homozygotes, a higher copy number361
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does not always imply a higher fitness (see the inset of Fig. 3F, where dashed lines indicate362

the wild-type and straight lines the mutant). In contrast to the results without plasmid363

costs (Panel E) where the highest copy number always led to the highest chance of evolu-364

tionary rescue, the optimal copy number now depends on the antibiotic concentration. For365

low concentrations, the high burden imposed by a high copy number leads to a low proba-366

bility of rescue. However, for higher concentrations, where efficient antibiotic degradation367

is important, rescue is more likely with higher plasmid copy numbers even though carrying368

plasmids is costly.369

The mutant frequency in the standing genetic variation370

So far, we have focused on evolutionary rescue from de novo mutations that arise during the371

decline of the bacterial population after the change in the environment, i.e. in the presence372

of antibiotics. Yet, mutated plasmids may be present in the population prior to environ-373

mental change. Here, we extend our model to account for rescue from the standing genetic374

variation. We assume that mutant plasmids that confer resistance in the antibiotic environ-375

ment are disadvantageous in the absence of antibiotics and segregate in mutation-selection376

balance in the population. We denote by −σ the selection coefficient for mutant homozy-377

gous cells for mutations, where the relative proportion of mutated plasmids determines the378

cell fitness, and by −σGDE the deleterious effect per plasmid copy if there is a gene dosage379

effect. To determine the frequency of mutant plasmids in the absence of antibiotics, we380

adapt a multitype Moran model that describes the dynamics of the various cell types in a381

bacterial population of constant size N =
n∑
i=0

Ni, where Ni denotes the number of cells with382

i mutated plasmid copies. From the Moran model, we derive a set of ordinary differential383

equations, from which we numerically obtain the numbers of mutant homozygous and het-384

erozygous cells in deterministic mutation-selection equilibrium. From those, we estimate385

the contribution of the standing genetic variation to the probability of evolutionary rescue.386
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Figure 3: Dependence of the optimal plasmid copy number on the antibiotic concentration. Panel A: Malthusian fitness
S of a bacterial cell as a function of the antibiotic concentration within the cell. Panel B: Illustration of a simple model to determine
the antibiotic concentration within the cell. Antibiotic molecules diffuse into the cell, where they get inactivated due to reactions
with the mutant version of a plasmid-encoded enzyme. We assume that inflow of antibiotic molecules κin and degradation κdeg are
in equilibrium. Panel C: Probability of evolutionary rescue if the relative number of mutant plasmids within the cell determines the
degradation rate. The enzyme production increases linearly with the relative number of mutated plasmid copies, and the cell fitness
is thus determined by the fraction i/n of mutated plasmids within the cell (inset). Panel D: Mutant dominance functions for various
antibiotic concentrations if the relative number of mutant plasmids i/n within a cell determines the degradation rate. With increasing
concentration, the shape changes from concave to convex. Panel E: Probability of evolutionary rescue if the absolute number of mutant
plasmids within the cell determines the degradation rate. The enzyme production increases linearly with the absolute number of
mutated plasmid copies, corresponding to a gene dosage effect (see inset for the concentration-dependent fitness of each cell type).
Rescue probabilities increase with higher plasmid copy numbers. Panel F: Probability of evolutionary rescue if the absolute number
of mutant plasmids within the cell determines the degradation rate and plasmids impose a copy-number-dependent cost. Unlike
in Panel E, plasmid costs increase bacterial death rates by c = 0.015 per plasmid copy. For very low antibiotic concentrations,
the probability is lowest for high copy numbers due to the high associated costs. For high concentrations, the disadvantage of a
higher burden is outweighed by the advantage of more efficient antibiotic degradation, and the rescue probability increases with the
copy number. Results for the rescue probabilities were obtained as in Figure 2. The fitnesses s(n)i are calculated from Eq. (B.1)
and Eq. (B.7) with either Eq. (B.4) (for Panel C and D) or Eq. (B.5) (for Panel E and F). Parameters: N0u = 0.2, Smax = 0.5,
Smin = −0.2, cMIC = 1, κ = 8, η = 1.3, ω = 0.2, γ = 1.
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Since the population faces ultimate extinction if all resistance mutations go extinct, the387

rescue probability can be approximated by388

P (SGV)
rescue = 1−

n∏
i=1

QNi
i (9)389

where Qi denotes the probability that a cell of type i does not leave a permanent lineage of390

descendants. A detailed description of the model is given in Appendix C. The deterministic391

approach assumes an infinite population size and neglects stochastic fluctuations in Ni.392

We therefore additionally perform simulations of the stochastic model to account for finite393

populations.394

Before considering rescue probabilities, we briefly discuss the distribution of the frequen-395

cies of the various cell types in the standing genetic variation, comparing dominant and396

recessive mutations. Figure 4 shows, in an exemplary manner for a bacterial population397

with n = 10 plasmid copies per cell, the expected frequencies Ni/N for different strengths398

of selection against the mutant plasmid. As expected, the frequency of cells containing399

mutated plasmids is higher for a recessive than for a dominant mutation, since in that case400

the mutation is only exposed to selection if it occurs in a mutant homozygous cell (cf. also401

Fig. 5A and B). Since cells with a heterozygous plasmid composition are not subject to402

selection for recessive mutations, their frequencies do not visibly change with the strength403

of selection. The frequency of homozygous mutant cells, however, strongly increases with404

decreasing purifying selection, and mutant homozygotes become the most frequent mutant405

class for weak selection. For weak selection against the mutant plasmid, the difference406

between recessive and dominant mutations mainly shows in classes with high numbers i of407

mutant plasmids and most prominently in the number of mutant homozygotes. Generally,408

the variance in the cell frequencies is high (see error bars in Fig. 5 and Fig. S3.4). We will409

discuss consequences of this high variance below.410

As for rescue from de novo mutations, we are interested in how the probability of rescue411
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from the standing genetic variation P
(SGV)
rescue depends on the plasmid copy number n. For412

this, we assume that the dominance function remains the same upon the environmental413

change, e.g. mutations that are dominant prior to the change are also dominant afterwards.414

Likewise, gene dosage effects persist such that a mutant homozygous cell is particularly fit415

in the new environment but particularly unfit in the old environment.416

Fig. 5 shows the expected cell type frequencies, the probability of rescue from the stand-417

ing genetic variation, and the total rescue probability as a function of the plasmid copy418

number. Both for dominant and for recessive mutations as well as for mutations of inter-419

mediate dominance, the expected overall frequency of mutant cells
n∑
i=1

Ni increases with420

the plasmid copy number n due to the increased mutational supply (Fig. 5A-C). The effect421

is particularly strong for recessive mutations, where the deleterious mutation is masked422

in heterozygous cells. For recessive mutations, we moreover observe that the frequency of423

mutant homozygotes Nn is (nearly) independent of the plasmid copy number (Fig. 5B).424

Generally for high n, irrespective of the dominance function, most cells only harbor few (less425

than 50%) mutated plasmids. Especially for recessive mutations or those with intermediate426

dominance, these cells are not very likely to leave a permanent lineage of descendants after427

the environmental change. Therefore, the probability of evolutionary rescue increases only428

slightly (if at all) with n (Fig. 5E-G). If there is a gene dosage effect, i.e. if selection against429

the mutation increases with the absolute number of mutant plasmids, there is a minimum430

in the frequency of mutant cells for intermediate plasmid copy numbers n, stemming from431

the antagonistic effects of the plasmid copy number on the mutational supply and on the432

strength of selection against the mutant plasmid (Fig. 5D). Yet, since the establishment433

probability strongly increases with n, rescue from the standing genetic variation still in-434

creases with the plasmid copy number for the chosen parameter set (Fig. 5H). Further435

analysis shows that, if the mutation is highly beneficial after the environmental change, a436

slight minimum in P
(SGV)
rescue as a function of n may exist (e.g. for λ0 = 0.95, σGDE = 0.1,437

s = 2, N = 3× 108, u = 3× 10−10).438
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Unless the selective advantage of the mutant plasmid is very weak after the environmen-439

tal change, the deterministic approximation for Ni leads to an overestimation of the res-440

cue probabilities from the standing genetic variation (see Fig. 5E for smax ∈ {0.1, 0.5, 1}441

and Panel H for s ∈ {0.04, 0.1, 0.2}). The error gets larger for smaller population sizes442

(Fig. S3.3). The reason for the deviation between the analytical theory and the stochastic443

simulations is the large variance in Ni. Since P (SGV)
rescue is strongly concave in Ni for strong444

selection, the negative and positive effects of fluctuations in Ni below or above the aver-445

age do not cancel. Due to these stochastic effects, in Fig. 5F (recessive mutation), the446

probability of evolutionary rescue decreases for high copy numbers in contrast to the de-447

terministic approximation, which predicts a monotonic increase; the same can be observed448

for mutations of intermediate dominance (Fig 5G with smax = 0.5). It seems plausible that449

for high n, stochastic fluctuations in the numbers of cells with high i are stronger, causing450

this decrease. To probe this intuition, in Appendix S3, we investigate this behavior in some451

more detail for recessive mutations and a lethal wild-type in the new environment. In that452

case, rescue entirely relies on mutant homozygotes in the standing genetic variation. Prescue453

then decreases with n if stochasticity in Nn is taken into account but remains constant454

under the deterministic approximation of Nn (Fig. S3.5). Nevertheless, in most cases, the455

trend of P (SGV)
rescue (n) is correctly estimated based on the deterministic approximation of the456

cell type frequencies in the standing genetic variation.457

Finally, we combined rescue from the standing genetic variation and from de novo mutations458

to determine the total probability of evolutionary rescue (Fig. 5I-L):459

P (total)
rescue = 1−

(
1− P (de novo)

rescue

)
·
(
1− P (SGV)

rescue

)
. (10)460

For mutations, where the relative number of mutant plasmids determines the cell fitness461

(cases (i)-(iii)), the effect of the dominance function on total rescue probabilities is much462

weaker than its effect on rescue by de novo mutations alone. In all three cases, rather463
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similar total rescue probabilities are observed.464
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Figure 4: Distribution of mutant cell type frequencies in the standing genetic variation for dominant and recessive
mutations. Mutant plasmids are deleterious prior to antibiotic treatment with a selection coefficient of −σ (see appendix C).
Frequencies are obtained from the equilibrium of the deterministic model, i.e. by numerically integrating ((C.5), (C.6) and (C.7)).
Parameters: n = 10, N0 = 3 × 109, u = 3 × 10−10. Open markers and error bars show averages and standard deviations of 103
stochastic simulations.

Discussion465

Adaptation fundamentally depends on two factors, the presence of adaptive alleles and their466

probability to escape stochastic loss while rare. For plasmid-carried genes, the plasmid copy467

number influences both of these factors. On one hand, the mutational target size increases468

with the number of plasmid copies per cell. On the other hand, unlike for alleles on haploid469
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Figure 5: Dependence of mutant frequencies on the dominance function and the influence of standing genetic variation
on the probability of evolutionary rescue. Panels A-D: Frequencies of mutant cells for a bacterial population in the standing
genetic variation (SGV) for a range of plasmid copy numbers. Mutant plasmids are deleterious with a selection coefficient of −σ = 0.1
(dominant, recessive, intermediate). For the gene dosage effect (iv), each mutant plasmid decreases the selective fitness of its host
cell by σGDE = 0.01. Panels E-H: Probabilities of evolutionary rescue from standing genetic variation (SGV) for those bacterial
populations in an antibiotic environment. Panels I-L: Total probabilities of evolutionary rescue, including rescue from standing genetic
variation and rescue from de-novo mutations. For comparison, small markers indicate rescue probabilities from de-novo mutations
only. After the switch to the antibiotic environment, wild-type cells have a birth rate λ(n)0 = 0.9. The fitness of resistant bacteria is
increased by smax for (i-iii) and by s per mutated plasmid for (iv) (analogous to Fig. 2). Frequencies (Panel A-D) are obtained from
the equilibrium of the deterministic model, i.e. by numerically integrating Eqs. (C.5), (C.6) and (C.7). Rescue probabilities from
SGV (Panels E-H) are obtained from Eq. (9) and Eq. (A.5). Total rescue probabilities including de-novo mutations (Panels E-H) are
obtained from Eq. (10). Other parameters: u = 3×10−10, N = 3×109. Open markers show averages over 103 stochastic simulations.
Error bars indicate twofold standard errors.
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genomes, it takes several cell divisions, until a cell with a large fraction of mutant plasmids470

is generated, negatively affecting the mutant plasmid’s chances to establish. We here471

developed a framework to model bacterial adaptation driven by novel alleles on multicopy472

plasmids. We determined the probability of evolutionary rescue, taking into account new473

mutations and mutations from the standing genetic variation.474

The influence of the dominance function. It is no surprise that the dominance of the475

mutant allele is key for whether a low or a high copy number maximizes the probability of476

evolutionary rescue. We studied examples of dominant and recessive mutations and muta-477

tions of intermediate dominance and mutations in genes with a gene dosage effect, always478

assuming that bacterial fitness is increasing (or at least non-decreasing) with the number479

of mutated plasmid copies. Only for the latter, both the mutational input and the estab-480

lishment probability increase with the plasmid copy number, while in all other cases, the481

effects are antagonistic. I.e., unless there are gene dosage effects, the plasmid copy number482

augments the mutational input but decreases the establishment probability. We observe483

that for dominant mutations, the benefits of a high per cell mutation rate outweigh the484

negative effects on the establishment probability such that the rescue probability increases485

with the plasmid copy number. This holds true both for de novo rescue and for rescue486

from the standing genetic variation. For recessive mutations, there is a phenotypic delay487

of several generations until the allele can be picked up by selection. The establishment488

probability therefore drops much more strongly with the plasmid copy number than for489

dominant mutations. In that case, the probability of de novo rescue decreases with n. On490

the other hand, in an environment where the allele is deleterious, its effect is masked in all491

heterozygous cells, leading to a high number of mutant cells in the standing genetic varia-492

tion. In a deterministic analysis of the standing genetic variation, this leads to an increase493

in the probability of rescue from the standing genetic variation with n, even for recessive494

mutations (for consequences of stochasticity see below). In sum, for recessive mutations,495
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the total probability of rescue remains constant as n increases.496

These results are in line with the findings by Sun et al. (2018) for a model of bacterial497

adaptation on the chromosome. While bacteria are usually treated as haploid, making498

dominance inconsequential, Sun et al. (2018) take into account that bacterial chromosomes499

can be polyploid during growth such that the dominance of mutations strongly affects500

the adaptive process. The segregation mechanism is different from the one in the present501

model, since the chromosome copies are not randomly distributed to the daughter cells at502

cell division. Rather, all chromosomes carrying the mutation go into the same daughter503

cell. That both models make consistent predictions shows that the results are robust to504

the segregation mechanism (but see also the discussion further below). Indeed, we study505

two alternative models for plasmid replication and segregation, and these mostly confirm506

the conclusions except for a very slight maximum in the rescue probability for low copy507

numbers if the mutation is recessive.508

Based on a deterministic analysis of the cell numbers in the standing genetic variation, both509

the present study and Sun et al. (2018) find that the mean number of mutant homozygous510

cells is independent of the plasmid copy number for recessive mutations. Stochastic sim-511

ulations confirm that this holds for their mean number. Yet, the variance is large and512

increases with n. Therefore, the probability of rescue from the standing genetic variation513

starts to decrease with large copy numbers, an effect that was not previously observed.514

In all our examples, we assume that the dominance function remains the same across envi-515

ronments. But for diploid organisms, for which dominance has been studied more intensely,516

it has been found that the dominance coefficient can be different in different environments517

(Gerstein and Otto, 2014). Indeed, within a simple model of antibiotic degradation, we518

find that the dominance function is concentration – and hence environment – dependent.519
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Empirical dominance relationships. In this latter model, we derive the dominance520

relationship between mutated and wild-type plasmids mechanistically. In all other parts of521

the manuscript, however, we treat the dominance of mutations as a parameter. This raises522

the question about the nature of naturally occurring resistance determinants, and we here523

discuss a few examples that represent (partially) dominant or (partially) recessive mutations524

or resistance genes with gene dosage effects. Macrolide antibiotics such as erythromycin525

bind to the 23S RNA, ultimately interferring with protein synthesis (Vester and Douthwaite,526

2001). Mutations in rrn genes, altering the ribosomal RNA, can confer resistance but these527

mutations have low dominance. Therefore, a sufficiently high fraction of gene copies need528

to be mutated to yield a resistant phenotype (Sigmund and Morgan, 1982; Mark et al.,529

1983; Weisblum, 1995; Sander et al., 1997; Vester and Douthwaite, 2001). Consequently,530

bacterial species that carry only one or two copies of the respective gene on the chromosome531

such as Helicobacter pylori or Mycobacterium smegmatis can acquire resistance through532

mutations in rrn genes while this is not possible in Escherichia coli that carries seven533

copies of the rrn operon (Sander et al., 1997; Vester and Douthwaite, 2001). Yet, Sigmund534

and Morgan (1982) isolated mutations conferring erythromycin resistance in rrn genes on535

a multicopy plasmid and demonstrated that E. coli carrying the mutant plasmid were536

resistant. Interestingly, Sigmund and Morgan (1982) discuss the possibility of resistance537

evolution via this pathway (i.e. de novo mutation of a rrn gene on a multicopy plasmid,538

followed by segregation to reach a high fraction of mutated copies in the cell). In the539

examples in our article, we do not consider genes that are present both in the chromosome540

and on the plasmid, e.g. essential genes such as the rrn genes that are additionally carried541

on a plasmid. This would lead to a more complex function for the type-dependent bacterial542

fitness that would depend on the number of chromosomal gene copies. While we did not543

explicitly study such a case, it is straightforward to implement. While mutations in rrn544

genes are partially recessive, mutations in loci that affect methylation of rRNA have been545

shown to be dominant (Heiser and Davies, 1972; Weisblum, 1995; Vester and Douthwaite,546
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2001). As another example, let us consider resistance to trimethoprim, an antibiotic that547

prevents DNA synthesis by binding to an enzyme (dihydrofolate reductase) in the DNA548

synthesis pathway. Resistance to trimethoprim is conferred by a plasmid carrying a mutated549

drf gene that codes for a mutated enzyme to which the antibiotic cannot bind and therefore550

provides a by-pass (Hall and Partridge, 2004; van Hoek et al., 2011). This indicates at least551

a certain degree of dominance. Last, as already pointed out, some resistance genes display a552

gene dosage effect. This is especially true for genes coding for antibiotic-degrading enzymes553

such as β-lactamases (Martinez and Baquero, 2000; San Millan et al., 2016). Noteworthily,554

there also exist negative gene dosage effects: it has been found that E. coli displays lower555

levels of resistance to tetracycline if the resistance-conferring transposable element Tn10 is556

carried on a multicopy plasmid than if it is present in a single copy on the chromosome557

(Moyed et al., 1983). Note also that in all the examples that we discussed here (except558

maybe for the last one), new resistance could occur through mutation in existing genes559

that can be plasmid-encoded and are hence relevant to the present study.560

Plasmid replication and segregation. We developed a mathematical framework to561

describe the dynamics of multicopy plasmids that allows for a clear and easy separation of562

the mutational input and the establishment probability of mutant alleles. We apply this563

model across the entire range of copy numbers. Obviously, this neglects large parts of the564

complexity of plasmid dynamics. We here briefly discuss some of the assumptions.565

In the model presented in the main text, plasmid replication is initiated immediately before566

the host cell divides and each plasmid copy replicates once. In reality, plasmids replicate567

throughout the cell cycle (Bogan et al., 2001; Nordström, 2006). Fully accounting for568

this would require to use a full nested model that describes both the within-cell dynamics569

of plasmids and the birth-death dynamics of bacterial cells. This in turn would require570

knowledge of the period during the cell cycle during which the drug is effective, the number571

of plasmids that are present during that period, and the level of resistance they confer.572
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Such a nested model would be appropriate to describe a specific system in detail but is less573

suitable to serve as a general model.574

A more crucial assumption of our model of plasmid replication is that each plasmid copy575

reproduces exactly once. While (ideally) every plasmid replicates once per cell cycle on576

average, individual plasmid copies are picked for replication at random from the pool of577

all existing copies (Nordström, 2006). This implies especially that a cell with more than578

one mutated plasmid copy can appear from one cell generation to the next. We there-579

fore also tested alternative models where plasmid replication is carried out iteratively (see580

supplementary information section S1). In these alternative models, we moreover inverted581

the order of plasmid replication and segregation. A comparison with the main text model582

showed that the trends in the probability of evolutionary rescue are mostly similar inde-583

pendent of the assumed scheme of plasmid replication.584

The second set of assumptions concerns the segregation of the plasmid copies to the daugh-585

ter cells. For the main text model, we assume that each daughter cell receives the exact586

same number of plasmid copies. Most low copy number plasmids possess active partition-587

ing systems that force plasmid copies within a bacterial cell to opposite directions, leading588

to two (or few) clusters and at least partially balancing plasmid numbers in both daugh-589

ter cells (Million-Weaver and Camps, 2014). High copy number plasmids do not possess590

any known active partitioning systems, although their existence has been discussed (Wang,591

2017; Million-Weaver and Camps, 2014). Indeed, active partitioning systems are in that592

case less relevant, since with increasing copy number, it gets less and less likely that the593

plasmid gets lost even for a random distribution of plasmid copies to the daughter cells.594

Early models for the segregation of high copy number plasmids assume that the plasmids595

diffuse freely within the cell cytoplasm and are randomly distributed in space (Summers,596

1991). However, it has later been found that high copy number plasmids form clusters597

within the cell (e.g. Pogliano et al., 2001). To explain the random distribution of high598
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copy number plasmids to the daughter cells despite of clusters, it has been hypothesized599

that for replication, single plasmids get detached from the clusters and transported to the600

mid-cell, where they get replicated; afterwards, the two sibling plasmids diffuse in space601

and attach to existing clusters or become the founders of new ones (Nordström and Gerdes,602

2003). Another (compatible) explanation is the observed existence of single plasmid copies603

in addition to the clusters (Wang, 2017). Assuming a random distribution of high copy604

number plasmids to the daughter cells, the relative deviation from an equal share decreases605

with the copy number. Overall, our assumption of an equal split of all plasmids seems to be606

a reasonable approximation for a baseline model. For one of the alternative models (no. 2)607

in the supplementary information, we have loosened the restriction of equally distributed608

plasmids.609

The most critical assumption in all our model variants is the random distribution of wild-610

type and mutant plasmids at cell division. For high copy number plasmids, this assumption611

is generally considered as true (San Millan et al., 2016; Ilhan et al., 2019). Yet, for low copy612

number plasmids with active partitioning systems, it may not be well justified. The common613

view is that plasmids are recruited for replication to the center of the cell; afterwards, in the614

presence of active partitioning systems, the two replicates are pushed (or pulled) towards the615

two cell poles, thus separating them such that at cell division, they will end up one in each616

of the daughter cells (Nordström and Gerdes, 2003). Hence, in this case, our assumption617

might distort the chance of resistance evolution. If mutations are recessive, for example,618

a random distribution allows for an efficient accumulation of mutated plasmids, which is619

needed to generate phenotypically resistant cells. With a lack of random distribution for620

individual plasmid clones, homozygous mutant cells (resistant) are generated at a lower621

rate, leading to a lower chance of resistance evolution. The opposite effect might happen622

for dominant mutations, leading to a higher chance of resistance evolution due to the active623

partitioning of mutated plasmids to both daughter cells. While a deterministic partitioning624

of replicate plasmids is often proposed, there is also some evidence that partitioning could625
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be more random. First, to explain the instability of different plasmid types with the same626

partitioning system, it has been suggested that heterologous plasmid pairs are formed in the627

cell center before partitioning, which would require a time delay between plasmid replication628

and partitioning (Nordström, 2006). For our model, heterozygous plasmid pairs (consisting629

of a wild-type and a mutant plasmid) would correspond to the heterologous plasmid pairs of630

two different plasmid types. Second, while in some cases, immobilization of plasmid clusters631

has been observed (Derman et al., 2008), others describe a much more chaotic behavior in632

which plasmids (or plasmid clusters) diffuse in the cell and are over the course of the cell633

cycle repeatedly repelled by filaments that dynamically form and dissolve (Campbell and634

Mullins, 2007; Sengupta et al., 2010). This would presumably lead to a mixup of plasmid635

replicates within the cell. Interestingly, based on this observation, Anand and Khan (2010)636

explicitly point to the “possibility of random assortment of daughter plasmids (sisters and637

nonsisters) during cell division”. In that case, our assumption of random segregation of638

wild-type and mutant plasmids would be reasonable.639

As a last remark, we would like to stress that a copy number of one (or two, three. . . ) is640

usually meant to correspond to one plasmid copy per genome equivalent, and often more641

than one copy is present in the cell even for single copy plasmids. We ignore this in our642

model in the same way as most models for adaptation on the bacterial chromosome assume643

that bacteria are strictly haploid.644

Further limitations and extensions. As a caveat, we would like to stress that we645

ignored plasmid costs for most part of the manuscript. The aim was to disentangle imme-646

diate consequences of the plasmid copy number on the dynamics without conflating factors.647

The burden imposed by plasmids on their bacterial host is expected to increase with the648

plasmid copy number and at some point outweighs the benefits. Hence, for dominant mu-649

tations, an intermediate number of plasmids is most beneficial. The same holds true for650

adaptation in genes with a gene dosage effect, since the positive effect of a larger number651
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of plasmids in reality saturates (unlike in our model that approximates the fitness benefits652

of additional plasmid copies by a linear function). However, it is important to note that653

plasmid costs are often alleviated by compensatory mutations such that they can be very654

low, undetectable, or even absent (although it is hard to imagine that they could be zero655

with an ever increasing copy number); see e.g. San Millan et al. (2014); Harrison et al.656

(2015); Loftie-Eaton et al. (2017).657

In our model of evolutionary rescue, we only considered two environments and an abrupt658

switch between them. Yet, in the context of resistance evolution, it would be highly rele-659

vant to include the pharmacokinetics of the drug and to study effects of treatment factors660

such as the frequency of drug administration on resistance evolution. While the general661

approach is suitable to deal with more complex scenarios, the mathematical analysis is662

restricted to constant environments. Considering time-varying drug pressures would re-663

quire to derive time-dependent establishment probabilities based on time-inhomogeneous664

branching processes.665

Importantly, we assumed that the plasmids are non-transmissible. For transmissible plas-666

mids, horizontal gene transfer could potentially have a non-negligible effect on the estab-667

lishment of mutated plasmid copies. Conjugative plasmids usually have rather low copy668

numbers (< 10) since the genes required for conjugation are costly (Norman et al., 2009).669

Transmissible plasmids with higher copy numbers could still co-transfer with other plasmids670

or phages (Eberhard, 1990; Barry et al., 2019). Horizontal transfer is mainly relevant if the671

population consists of plasmid-carrying and plasmid-free cells since conjugative transfer of672

plasmids into cells that already contain plasmids of the same incompatibility group (i.e.673

especially copies of its own type) is unstable or is even prohibited through surface exclusion674

proteins (Eberhard, 1990).675

Last, throughout the article, we assumed that novel beneficial alleles arise by mutation.676

If instead genes are picked up by transformation and integrated into one of the plasmid677
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copies, the rate of acquisition of beneficial traits is independent of the copy number. Hence,678

it is only the establishment probability that determines which copy number maximizes the679

probability of rescue. From our results for the establishment probability, it is straightfor-680

ward to see that in that case, rescue becomes less likely with increasing copy numbers unless681

there are gene dosage effects. This result is supported also by simulations done by Ilhan682

et al. (2019) comparing the fixation dynamics of beneficial alleles on multicopy plasmids.683

In their study, the proportions of populations where the beneficial plasmid allele gets lost684

by random fluctuations is higher for 100 plasmids per cell compared to 10 plasmids per685

cell given the total number of mutated plasmids is the same at the beginning (compare the686

results for p10x105 with those for p100x105 in Fig. 3 in Ilhan et al. (2019)).687

Conclusion. Multicopy plasmids are pervasive in bacteria, influencing their ecology and688

evolution. To capture the population genetics of bacteria, theory therefore needs to account689

for the contribution of plasmids that are present in the bacterial cell in several copies. Such690

theory needs to describe the segregation process and take the – possibly environment-691

dependent – dominance of plasmid-carried alleles into consideration. We here developed692

and analyzed a model for evolutionary rescue through mutations on multicopy plasmids.693

Our analysis provides insight into the factors governing the adaptive process and how694

they balance for various dominance functions and gene dosage effects. Overall, the results695

demonstrate the relevance of the plasmid copy number for the dynamics of plasmid-carried696

alleles and for plasmid-mediated bacterial adaptation.697
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A Calculating the establishment probability from branch-824

ing process theory825

To determine the establishment probability of the resistance mutation, we use the math-826

ematical theory of multitype branching processes. A “type” is determined by the plasmid827

composition of the cell. With a plasmid copy number of n, there are hence n + 1 types,828

since cells can contain 0, 1, . . .n mutated plasmids. In the following, we speak of cells of829

type i if a cell contains i mutant plasmids. At cell division, a cell produces cells of types830

that may differ from its own. Only homozygous cells exclusively produce cells of their own831

types. As a consequence, unless the branching process goes extinct, a permanent lineage of832

mutant homozygotes will establish. We denote by Q(n)
i the probability that a cell lineage833

that is founded by a single cell of type i goes extinct. Since the alternative to extinction is834

establishment of the resistance mutation, it holds835

p
(n)
est = 1−Q(n)

1 . (A.1)836

While our model is formulated in continuous time, we consider a discrete-time branching837

process. This is possible since within our framework with time-independent birth and838

death rates, it does not matter for establishment or loss of the allele when cells divide839

but only if they divide. It is therefore sufficient to focus on whether the next event in840

the life of a cell is cell division or cell death. The respective probabilities for a cell of841

type i are given by p
(n)
i =

λ
(n)
i

λ
(n)
i +µ

(n)
i

and 1 − p
(n)
i =

µ
(n)
i

λ
(n)
i +µ

(n)
i

. Given the cell divides, it842

produces cells of type k and (2i + x) − k with probability P (i → {k, (2i + x) − k}) as843

defined in Eq. (1). Transitions between types in the branching process therefore occur with844

probabilities λ
(n)
i

λ
(n)
i +µ

(n)
i

P (i → {k, (2i + x) − k}). Since the mutation probability u is small,845

we can neglect new mutations during the establishment process. We therefore set x = 0 in846

the branching process approximation.847
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Following these considerations, it is intuitive to derive a set of (coupled) equations for the848

probabilities Q(n)
i . The lineage founded by a single cell of type i goes extinct either if the849

cell dies or if the lineages founded by its two daughter cells both go extinct. Thus:850

Q
(n)
i =

µ
(n)
i

λ
(n)
i + µ

(n)
i

+
λ
(n)
i

λ
(n)
i + µ

(n)
i

i∑
k=0

P (i→ {k, 2i− k})Q(n)
k Q

(n)
2i−k, (A.2)851

Note that since we ignore new mutations during the establishment process, we have Q(n)
0 =852

1.853

In the following, we provide a brief formal summary of how to determine the vector Q(n) =854

(Q
(n)
0 , Q

(n)
1 , . . . , Q

(n)
n ). This follows standard theory on multitype branching processes, and855

we refer to textbooks for details (Mode (1971), Haccou et al. (2005)).856

We denote the probability generating function of the multitype branching process by857

fn(y) = (fn,0(y), fn,1(y), fn,2(y), . . . , fn,n(y)),858

where the vector components fn,i(y) are given by859

fn,i(y) =
µ
(n)
i

λ
(n)
i + µ

(n)
i

+
i∑

k=0

λ
(n)
i

λ
(n)
i + µ

(n)
i

P (n)(i→ {k, 2i− k})yky2i−k. (A.3)860

The vector y = (y0, y1, . . . , yn) is a dummy variable without biological meaning. The861

probability generating function can be used in two different ways to determine p(n)est . In our862

model analysis below, we will make use of both methods.863

First, the vector Q(n) of extinction probabilities is a fixpoint of the probability generating864

function (Mode (1971)), i.e.865

Q(n) = fn(Q(n)). (A.4)866

This exactly corresponds to the set of equations (A.2). We use the fixpoint equation to867

obtain the extinction probabilities for n = 1 and n = 2.868
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Second, it holds that (Eq. (7.4) in Mode (1971))869

Q(n) = lim
m→∞

fn
(m)(0) = lim

m→∞
fn(fn(fn(fn . . . fn︸ ︷︷ ︸

m times

(0)))). (A.5)870

We apply this to numerically obtain the extinction probabilities for n > 2.871

From Eq. (A.2), one immediately obtains for the establishment probability of a process872

that is initiated by a single mutant homozygote:873

phomest = 1−Q(n)
n =

λ
(n)
n − µ(n)

n

λ
(n)
n

. (A.6)874

B Model linking the dominance function to the antibi-875

otic concentration876

In this section, we provide a detailed presentation of the model that connects the fitness877

of a specific cell type to the antibiotic concentration in the environment and that underlies878

Fig. 3 in the main text.879

For the bacterial response to a given antibiotic concentration within the cell, cin, we use a880

pharmacodynamic function (cf. Regoes et al. (2004)). We assume that the net growth of a881

bacterial population in dependence of the internal antibiotic concentration is given by882

S(cin) = Smax −
(Smax − Smin)(cin/cMIC)κ

(cin/cMIC)κ − Smax/Smin
(B.1)883

The four parameters denote maximal and minimal net growth (Smax and Smin), the antibi-884

otic concentration level cMIC where the net growth is zero and the Hill coefficient κ, which885

determines the slope of the curve. As we will see below, the concentration within a cell886
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depends on its type, i.e. cin = c
(n,i)
in . We set the death rate µ(n)

i ≡ 1 for all n and i and the887

birth rate as λ(n)i = 1 + S(c
(n,i)
in ).888

The rate of antibiotic inflow κin into the cell is proportional to the difference in the con-889

centrations outside and inside the cell cout and cin, i.e.890

κin = γ(cout − cin), (B.2)891

where γ denotes the diffusion coefficient.892

Within the cell, the antibiotic can be degraded by enzymes that are encoded by the mutant893

plasmid. The degradation rate κdeg depends on the antibiotic concentration in the cell and894

the amount of degrading enzymes that can break antibiotic molecules and that depends on895

n and i,896

κdeg = f(i, n)cin. (B.3)897

In the main text, we consider two cases. In one case, the amount of available enzymes is898

proportional to the relative number of mutant plasmids,899

f(i, n) = η
i

n
. (B.4)900

In the other case, it is proportional to the absolute number of mutant plasmids,901

f(i, n) = ωi. (B.5)902

We assume that inflow of antibiotic molecules into the cell and degradation of antibiotics903

are in equilibrium:904

κin = κdeg, (B.6)905
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From this, we obtain the concentration c
(n,i)
in within cells that carry i mutant and n − i906

wild-type plasmids, given an external concentration cout:907

c
(i,n)
in (cout) =

cout
f(i,n)
γ

+ 1
. (B.7)908

Substituting equation (B.7) in (B.1), we obtain the net growth S
(n)
i as a function of the909

plasmid composition.910

C Modeling the cell type frequencies in the standing911

genetic variation912

To obtain the cell type frequencies in the standing genetic variation we set up a multi-913

type Moran that describes a bacterial population of constant size N0 prior to antibiotic914

treatment. When a cell divides, the daughter cells replace the parental cell as well as another915

randomly chosen cell from the population. Wild-type cells replicate at rate Λ
(n)
0 = 1. Since916

resistance mutations may cause a cost in the antibiotic-free environment, we assume that917

replication of cells carrying mutated plasmids occurs at a lower rate. We set for i > 0:918

(i) dominant mutations: Λ
(n)
i = 1− σ,

(ii) recessive mutations: Λ
(n)
i = 1, but Λ

(n)
n = 1− σ,

(iii) mutations of intermediate dominance: Λ
(n)
i = 1− i

n
σ,

(iv) mutations with a gene dosage effect : Λ
(n)
i = 1− iσGDE.

(C.1)919

Mutation, plasmid replication, and plasmid segregation happen in the same way as de-920

scribed in the main text for the phase after the environmental change.921

For the stochastic simulations, the model is implemented in a straightforward way. The922

initial population consists of N wild-type cells. Transitions between states may happen923
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when a cell of type i divides, another cell of type k is replaced and two daughter cells enter924

the population. We denote the types of the first daughter cell by j1 and of the second925

daughter cell by j2 (note that the cells are ordered now unlike in Eq. (1)). The reaction926

can then be expressed by927

N −→ N− êi − êk + êj1 + êj2 (C.2)928

The rate of this reaction is given by929

Λi

N − 1
NiNkp

i
j1j2

, (C.3)930

where pij1j2 denotes the probability that the first daughter cell of a type i cell is of type j1931

and the second one of type j2:932

pij1j2 =

(
n− i

j1 + j2 − 2i

)
uj1+j2−2i(1− u)n−i−(j1+j2−2i)

(
j1+j2
j1

)(
2n−(j1+j2)

n−j1

)(
2n
n

) . (C.4)933

We simulate this process, using the Gillespie algorithm (Gillespie, 1976) which we imple-934

mented in the Python programming language. At simulation time tsim = 1000, the switch935

in the environment occurs and we continue the simulations according to the model dynam-936

ics in the stressful environment described in the main text to determine the probability937

of evolutionary rescue. In order to obtain the frequencies of the various cell types in the938

standing genetic variation, we record those at time tsim = 1000.939

We next derive a set of ordinary differential equations that describes the dynamics of the940

systems deterministically. To proceed, we look at all the events at which the number of941

cells of type (n, i) changes. We first omit all new plasmid mutations.942

• Case I: a cell of type k 6= i reproduces943
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– A: one of the daughter cells is of type i; then:944

Ni → Ni + 1 with prob.
N − 1−Ni

N − 1
945

– B: neither of the daughter cells is of type i; then946

Ni → Ni − 1 with prob.
Ni

N − 1
947

Note that it is not possible that both daughter cells are of type i since there are 2k948

mutant plasmids before cell division, and k 6= i for the case considered here.949

• Case II: a cell of type i reproduces950

– A: both daughter cells are of type i; then951

Ni → Ni + 1 with prob.
N −Ni

N − 1
952

– B: neither of the daughter cells is of type i; then953

Ni → Ni − 1 with prob.
N −Ni

N − 1
954

and955

Ni → Ni − 2 with prob.
Ni − 1

N − 1
956

Note that for similar reasons as above, it is not possible that a cell of type i has only957

one daughter cell of type i and one of another type.958

Putting everything together, we obtain for the dynamics of cells of type i (where we use959
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the shorthand notation pik := P (i→ {k, 2i− k}), see Eq. 1):960

Ṅi =
∑
k 6=i

ΛkNk

{
pki
N − 1−Ni

N − 1
− (1− pki )

Ni

N − 1

}
+ ΛiNi

{
pii
N −Ni

N − 1
− (1− pii)

N −Ni

N − 1
− 2(1− pii)

Ni − 1

N − 1

}
=

n∑
k=0

ΛkNk

{
pki −

Ni

N − 1

}
+ ΛiNi

{
pii −

N − 2

N − 1

}
.

(C.5)961

962

We now modify Eq. (C.5) to include new mutations of wild-type to mutant plasmids. As in963

the approximation for the establishment process, we only consider mutations at replication964

of wild-type cells with i = 0. For other cells, the dynamics of mutant plasmids are governed965

by segregation and new mutations can be neglected. Furthermore, within one cell division966

it is highly unlikely that more than one mutation occurs. Consequently, only the dynamics967

of cells with i = 0 or i = 1 mutated plasmids are affected by mutations. We approximate968

the probability that no mutation occurs by 1− un, and the probability that one mutation969

occurs by un.970

For i = 0, case II (reproduction of cell of type 0) from above is altered:971

• A: both daughter cells are of type 0 (i.e. no mutation); then972

N0 → N0 + 1 with prob.
N −N0

N − 1
973

this happens with probability (1− un)974

• B: daughter cells are of type 0 and 1 respectively (one mutation); then975

N0 → N0 + 1 with prob.
N0 − 1

N − 1
976

this happens with probability un977
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Therefore, including plasmid mutations, Eq. (C.5) for i = 0 gets978

Ṅ0 =
∑
k 6=i

ΛkNk

{
pk0
N − 1−N0

N − 1
− (1− pk0)

N0

N − 1

}
+ Λ0N0

{
(1− nu)

N −N0

N − 1
− nuN0 − 1

N − 1

}
=

n∑
k=0

ΛkNk

{
pk0 −

N0

N − 1

}
+ Λ0N0

{
p00 −

N − 2

N − 1

}
− Λ0N0nu.

(C.6)979

980

Comparing Eqs. (C.5) and (C.6), shows that plasmid mutations lead to a decrease in981

frequency of wild-type cells (i = 0) with a rate λ0N0nu. This will increase the frequency982

of cells of type (i = 1). Hence, we modify the dynamics of N1 with the same but positive983

rate:984

Ṅ1 =
n∑
k=0

ΛkNk

{
pk1 −

N1

N − 1

}
+ Λ1N1

{
p11 −

N − 2

N − 1

}
+ Λ0N0nu. (C.7)985

986

We obtain the frequencies xi of all cell types i ∈ {0, . . . , n} in the standing genetic variation987

of an infinite population N → ∞ by numerically integrating the non-linear system ẋi :=988

Ṅi/N with Ṅi given by Eq. (C.5), (C.6), and (C.7) starting with x0 = 1, xi = 0 for i > 0.989

For this purpose, we use the solve_ivp method from the SciPy package in Python. The990

equilibrated frequencies (ẋi < 10−15) are used to estimate the average number of cell type991

abundances Ni = Nxi for a given population size N .992
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