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Abstract

Mobile genetic elements (MGEs), including temperate bacteriophages and conjugative plas-
mids, are major vectors of virulence and antibiotic resistance in bacterial populations. To maxi-
mize reproductive fitness, MGEs have to optimize horizontal and vertical transmission. Yet, the
cost of horizontal transmission (e.g. phage lysis) puts these transmission modes at odds. Using
virulence-transmission trade-off theory, we identify three groups of environmental variables affect-
ing the balance between horizontal and vertical transmission: host density, host physiology, and
competitors. We find that general theoretical predictions of the optimal response to environmental
cues closely align with experimental evidence on the regulation of transmission by MGEs. We fur-
ther highlight gaps between theory and experiments, differences between phage and plasmids,
and suggest areas for future research.

Keywords: prophage induction, plasmid conjugation, virulence-transmission trade-off, HGT, envi-
ronmental cues

Highlights:

• Temperate phages and conjugative plasmids have different lifestyles yet remarkably similar
transmission trade-offs.

• To maximize their fitness these mobile genetic elements (MGEs) need to balance horizontal
and vertical transmission. The optimal balance depends on the environment.

• Both conjugative plasmids and temperate phages can respond to host cell density to regulate
their transmission.

• Differences are found in the response to host metabolism, stressors and competing MGEs.

• The fields of phage and plasmid biology can help each other identify gaps in the literature, such
as shared regulatory cues, and reveal general rules of transmission regulation in MGEs.
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1 Optimal transmission of MGEs is environment-dependent1

Mobile genetic elements (MGEs) such as phages and plasmids are ubiquitous and highly abundant2

genetic symbionts of bacteria. To optimize their overall reproductive fitness, MGEs need to maximize3

the total number of offspring resulting from both horizontal and vertical transmission. However, the4

cost to host fitness imposed by horizontal transmission leads to a trade-off with vertical transmis-5

sion (the horizontal-vertical transmission trade-off, HVTT) [1]. The optimal balance between both6

transmission modes will depend on the (relative) success rate of each mode in a given environment:7

e.g. when few hosts are available for infection, reproductive fitness is dominated by vertical trans-8

mission, while the contribution of horizontal transmission increases with the number of susceptible9

hosts.10

Understanding which environments select for horizontal over vertical transmission is essential in11

antibiotic resistance epidemiology. It can help identify hotspots for the transmission of antibiotic re-12

sistance determinants by MGEs, and predict the evolution of clinically relevant vectors of resistance.13

To investigate which ecological conditions favor which MGE transmission mode, we take inspiration14

from existing theory on the virulence-transmission trade-off for parasites (Box 1) [2]. Here, we focus15

on conjugative plasmids and temperate phages, two types of MGEs that exhibit both horizontal and16

vertical mobility [3, 4, 5]. Based on their horizontal transmission mode they can be seen as distinct17

ends of a parasitism-mutualism continuum: most phages kill their original host to spread horizontally,18

whereas plasmids keep their host alive and transmit a copy of themselves. It is not clear whether19

these lifestyle differences translate to differences in the HVTT and resulting optimal transmission20

strategies.21

Testing theoretical predictions of parasite evolution is generally difficult: experiments struggle to mea-22

sure theory-relevant parameters and comparative studies across organisms suffer from confounding23

factors [6]. Here, we propose a new way to test such predictions: we investigate the mechanisms24

that MGEs have evolved to regulate their transmission modes to reveal selection from the HVTT.25

Specifically, we review and discuss experimental evidence for three key groups of environmental fac-26

tors that MGEs use for transmission regulation in the light of predictions from transmission trade-off27

theory: (i) availability of susceptible hosts, (ii) host physiology, and (iii) competitors.28

29

Box 1: Transmission trade-off theory

The fitness of a parasite is dictated by its ability to spread (produce offspring) in a population
of hosts. Mathematically, this is described by the basic reproductive number R0, the average
number of secondary infections produced by a single parasite in a fully susceptible population S.
For parasites that are transmitted horizontally and vertically, both modes add to the total number
of offspring: R0 = H0 + V0 [7]. Assuming density-dependent infection of susceptible hosts S at
a constant rate β (e.g. for modeling plasmid transmission), R0 is given by [7]:

R0 = H0︸︷︷︸
horizontal R0

+ V0︸︷︷︸
vertical R0

(1)

= βS︸︷︷︸
horizontal rate

·∆t+ λ′︸︷︷︸
vertical rate

·∆t =
βS + λ′

µ+ α
. (2)

Here λ′ = λ−c designates the growth rate of the infected host (with c as growth cost of infection),30
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µ the background death rate of the host, and α the surplus lethality due to the infection. Parasite
fitness (R0) is thus given by the rate at which new infections are created, horizontally (βS) or
vertically (λ′), times the average duration spent within a host before it dies ∆t = 1/(µ + α).
Parasite virulence, i.e. the harm a parasite causes its host due to increased death α or reduced
growth λ′ (increased c), generally reduces R0 [2].

The virulence-transmission trade-off (VTT) is typically formulated for purely horizontally trans-
mitted parasites (R0 = H0) and posits that the parasite transmission rate β and its virulence α
cannot be varied independently to maximize R0 [2, 6]. Experimental observations support that
increased horizontal transmission tends to come at a cost to the host [8], leading to a trade-off
between a high rate of horizontal transmission βS or a longer duration of infection ∆t [6]. Hence,
the (a)biotic environment and biological characteristics of host and parasite will determine the
optimal evolutionary strategy in the face of this trade-off [9].

For parasites that are both horizontally and vertically transmitted (eq. 2), virulence associated
with (increased) horizontal transmission (increased α or c) will also negatively impact the par-
asite’s vertical transmission (V0). The virulence-transmission trade-off is thus embedded in a
horizontal-vertical transmission trade-off (HVTT). In cases where the VTT predicts selection for
decreased virulence, we can assume that the HVTT will favor vertical transmission (increased
V0). The converse is not necessarily given, and will depend on the specific parasite. This requires
system-specific forms of eq. 2 to allow more detailed predictions of population dynamics [10].31

2 Phages and plasmids exhibit a horizontal-vertical transmission trade-32

off33

We briefly outline how the horizontal-vertical transmission trade-off (HVTT) manifests for temperate34

phages and conjugative plasmids (Fig. 1). While we focus on two types of MGEs here, these trade-35

offs extend to a much wider diversity of MGEs (see Box 2).36

Temperate bacteriophages transmit horizontally via free phage virions, which infect bacterial37

hosts through adsorption to specific cell surface receptors (Fig. 1A) [11]. After injecting their genome38

into the host, they commit to horizontal (lytic) or vertical transmission (lysogenic lifecycle). During39

the lytic cycle, the phage uses host machinery to replicate and produce the proteins needed for fur-40

ther transmission. After a characteristic ‘latent period’, the accumulated lysis proteins disrupt the41

host membrane to release a number of assembled virions (burst size). The virions then diffuse into42

the surrounding environment and start new rounds of infection in susceptible cells [12]. Adsorption43

to non-susceptible hosts and unfavorable environments can lead to virion decay without reproduc-44

tion. If a phage instead initiates the lysogenic pathway, it integrates into the host chromosome as45

a prophage and is transmitted vertically with the host (which becomes a ‘lysogen’) [13]. Triggers46

can induce the prophage into the lytic cycle, switching transmission to horizontal [13]. This leads to47

a clear trade-off for temperate phages: horizontal transmission kills the host and precludes vertical48

transmission [9].49

Conjugative plasmids reside in the bacterial cytoplasm as independent DNA molecules, and use50

the host machinery to replicate (Fig. 1B) [4, 5]. The plasmid is maintained in the cell at a tightly51

regulated ‘copy number’. Plasmids are vertically transmitted to daughter cells at division through52

stochastic segregation or active partitioning [14]. Conjugative plasmids also transmit horizontally in53

a contact-dependent manner. During conjugation, the plasmid-carrying donor attaches to a recipient54

cell via a pilus and transfers a plasmid copy into the recipient (which becomes a ’transconjugant’).55

Conjugation is energetically expensive and opens the plasmid-carrying bacterium up to predation56

by pilus-specific phages. Conjugation may also decrease the growth rate of transconjugants due to57

membrane destabilization and activation of the SOS response by incoming single-stranded DNA [4].58

Most conjugative plasmids reduce their fitness cost by tightly regulating and repressing conjugation.59
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This strongly suggests a trade-off between horizontal and vertical transmission [4, 15].60

61

Figure 1: A) Lifecycles of temperate bacteriophages and conjugative plasmids. Temperate
phages (left) can transmit either vertically, by integrating into the bacterial host genome (lysogeny),
or horizontally, by replicating within the cell and lysing it to release new phage virions (lysis). Conjuga-
tive plasmids (right) can transmit vertically with their host cells through segregation, or horizontally
via a conjugative pilus that transmits a plasmid copy to another bacterial cell. B) The horizontal-
vertical transmission trade-off. The fitness of a parasite is determined by the total number of
offspring it produces via both horizontal and vertical transmission (the basic reproduction number,
R0). Experiments show that mutations enhancing vertical transmission often come at the cost of
horizontal transmission (orange quadrant, left), or vice versa (blue quadrant). Environmental factors,
such as the availability of susceptible hosts (right), determine how shifts in transmission traits impact
fitness. In principle, either mutant strategy may become more advantageous than the wildtype.

3 Experimental evidence for transmission regulation62

The horizontal-vertical transmission trade-off in temperate phages and conjugative plasmids extends63

the classical virulence-transmission trade-off (VTT; Box 1). We take inspiration from existing pre-64

dictions of the VTT to understand the regulation of horizontal vs. vertical transmission in MGEs in65

response to different environmental factors. In the following, we will compare theoretical predictions66

of parasite transmission optimization to experimental evidence for MGE transmission regulation to67

investigate the eco-evolutionary factors driving MGE transmission strategies. We apply this approach68

to three main categories of environmental factors (Fig. 2A): (i) availability of susceptible hosts, (ii)69

host physiology, and (iii) presence of MGE competitors (Table 1).70
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Figure 2: A) Phages and plasmids listen to three main types of cues: host density, host phys-
iology, and competitors. B) The theoretically optimal transmission strategy changes with the
environment. HVTT predicts that higher host densities select for increased horizontal transmission
in phages and plasmids. The effect of host physiology is nonlinear: High host growth rates favor
horizontal transmission. ’Medium’ growth rates favor vertical transmission but very low growth (or
high death) can show different trends, potentially depending on the MGE characteristics. Lastly, the
optimal regulation of transmission in the presence of competitors depends on their relatedness and
whether the competitors display collaboration or within-host competition.

3.1 Host cell density71

Theoretical predictions Availability of susceptible hosts is a prerequisite for horizontal transmis-72

sion. Theory shows that horizontal transmission is favored when susceptible hosts are abundant,73

and vertical transmission is favored when they are rare [2, 16]. When parasites are newly introduced74

into a population, horizontal transmission is selected for, as the abundance of susceptible hosts is75

still high. However, as the parasite becomes endemic, more vertically transmitted parasites will be76

favored [2].77

Host availability is further tied to host mobility, as this determines the rate at which new hosts are78

encountered. Structured environments with limited cell mobility select for increased vertical trans-79

mission, while horizontal transmission is favored in more connected and well-mixed host popula-80

tions [2, 17]. However, selection for vertical transmission will be weakened the longer a parasite can81

survive outside the host (e.g. phage virions) [2].82

Phages Some temperate phages use density-related cues to modulate their transmission. A tem-83

perate Vibrio phage was shown to wiretap bacterial quorum sensing (QS), the density-dependent84
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communication system between bacterial cells, to induce the lytic cycle at high host densities [18].85

This is in agreement with the HVTT predictions. Indeed, theory predicts that phages, which adjust86

their transmission strategy based on information about host availability have a distinct benefit over87

phages with a constant probability of switching between lysis and lysogeny [19].88

Relying on host QS allows phages to gauge host density, but not susceptibility. When surrounded89

by lysogens induction into the lytic cycle is unfavorable [20], making the increase in phage numbers90

and decrease in susceptible hosts better cues to listen to. Indeed, some phages – especially those91

infecting the genus Bacillus – encode their own communication systems [21, 22]. An example is the92

Arbitrium system, which allows phages to modify the likelihood of lysogenization in infecting phages93

and the induction rate of prophages [23, 24]. The decision is driven by high peptide concentrations,94

which indicate that uninfected hosts are becoming rare. Remarkably, phages can detect the influx of95

non-lysogens based on the density-dependent degradation of phage signalling peptides by bacterial96

cells and induce into the lytic cycle accordingly [25]. The degradation and diffusion of quorum pep-97

tides could even provide information about the structure and composition of the environment [26],98

which is important for the success of phage spread via diffusion.99

Another cue temperate phages use to gauge the availability of susceptible hosts is the number of100

infecting phage particles. If the number of related phages infecting a cell is high (multiplicity of in-101

fection, MOI), this indicates that the ratio of free phage virions to bacterial hosts is high and the102

density of susceptible hosts is low. Detection of co-infecting phages typically occurs through the103

phage regulator of the lysis-lysogeny decision (e.g. the CI repressor in phage λ) that increasingly104

favors lysogeny at high MOI [3, 27]. Single-virus studies have shown that individual phage genomes105

within the cell can interact with each other and make individual lysis-lysogeny decisions, potentially106

leading to mixed decisions and delayed lysis or mixed phage DNA integration into the host chromo-107

some [28]. Delayed lysis due to secondary adsorption of related phages can even be seen in an108

obligately lytic coliphage, called lysis inhibition, which is selected for under conditions with restricted109

host access [29, 30, 31].110

The density-dependence of transmission strategies is also seen in evolution experiments, where111

faster horizontal transmission evolves in obligately lytic phages when propagated with high densities112

of susceptible hosts [32, 33, 34]. Similarly, in epidemic settings, obligately lytic phages are transiently113

favored in the early, high-host density phase of an epidemic, but temperate phages, which rely more114

on vertical transmission, take over as susceptible hosts get depleted [35]. The HVTT thus changes115

over the course of the epidemic.116

Not all experimental evidence fits neatly into the HVTT. For example, some prophages of fish pathogen117

Vibrio anguillarum use QS to increase lysogeny at high host densities [36]. Since increased lysogeny118

is associated with decreased biofilm formation in this system, the host may manipulate the lysis-119

lysogeny decision to promote its own fitness. Bioinformatic analyses and abundance counts of120

phages in natural environments have also produced conflicting evidence for (’Kill-the-winner’) [37, 38]121

or against (’Piggyback-the-winner’) [39, 40] the HVTT.122

Plasmids Some conjugative plasmids also regulate conjugation by actively sensing high host den-123

sity. The best described systems are pheromone-sensitive plasmids in Enterococcus, rep-phr QS in124

Bacillus, and N-acylhomoserine lactone (AHL) QS in Rhizobium and Agrobacterium [41, 15, 42, 43].125

In Enterococci, several plasmids encode a secreted inhibitor to a host-encoded signalling peptide126

(pheromone) expressed by both plasmid-free and plasmid-carrying cells. When the ratio of host127

cells (pheromone) to plasmids (inhibitor) is high, transfer becomes derepressed [41]. Instead, Bacil-128

lus subtilis has a number of conjugative elements that encode a secreted signalling peptide which129

directly down-regulates transfer at high MGE numbers [44, 43]. In Rhizobiales plasmid conjugation is130

regulated through QS of host-produced AHLs [15, 42]. The plasmid represses AHL production, while131

plasmid-free recipients will produce AHLs that lead to plasmid transfer at high density [42]. These132

systems are in line with the HVTT predictions.133

A notable exception is the Ti plasmid of Agrobacterium tumefaciens, which uses AHL-sensing and134
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-producing genes similar to Rhizobium, to transfer at high densities of plasmid-carrying cells [42].135

Transfer further requires the presence of opines, a carbon source produced by plants after transfer136

of Ti plasmid-DNA into plant root cells. Ti plasmids further encode genes for opine metabolism.137

This important role in the interaction of Agrobacterium with plant hosts likely explains why Ti transfer138

departs from the expectation of the HVTT.139

Most other plasmids repress conjugation through autoregulatory networks with strong negative feed-140

back loops, leading to expression of transfer genes in only 1:1000 to 1:106 cells [15, 45, 46]. Such141

regulatory networks lead to a transient phase of derepression in the transconjugant after conjuga-142

tion. Transient derepression might have evolved to use the fact that recent successful conjugation is143

a good indicator of available susceptible hosts [46].144

Despite mechanistic evidence supporting the importance of plasmid-free recipients, experimental145

evolution studies have yielded more ambiguous results [5, 47]. Increasing susceptible host density146

did not affect the prevalence of conjugation-increasing mutations in an IncI1 plasmid [5], but rapidly147

increased conjugation rate in an IncFII plasmid [47]. Some of this disparity may stem from the exper-148

imental design and indirect selection for growth. Nonetheless, both studies support the existence of149

a HVTT as most mutations that occurred increased conjugation and decreased host growth, or vice150

versa.151

3.2 Host physiology:152

Theoretical predictions The environment-dependent physiological state of current and potential153

future hosts also affects the HVTT. For purely horizontally transmitted parasites, high metabolic ac-154

tivity of the host favors horizontal transmission as the benefits of fast replication and increased trans-155

mission outweigh the cost of decreasing host growth [2]. In this case, low growth rates favor reduced156

virulence, but as the stress increases towards deadly, horizontal transmission is favored again to157

allow escape from the dying host [2]. Few studies have modeled the effect of host metabolism and158

stress on parasites with both horizontal and vertical transmission, especially for conditions where159

these factors co-vary with susceptible host density.160

Phages Nutrient depletion of the host typically increases lysogeny [3, 48]. This switch occurs161

through direct regulation of the lysis-lysogeny decision by host enzymes across a broad range of162

phages [3, 49]. For coliphage λ, lysogeny was further found to be more prevalent in smaller cells,163

which often indicates low nutrient availability [50]. A corresponding increase in lysis induction was164

observed upon an influx of nutrients, mediated by the host cAMP signal [51, 52].165

The potential for dormancy allows temperate coliphages to use host resources more efficiently in166

spatially-structured and nutrient-limited environments than obligately lytic coliphages [53]. Integrated167

prophages can persist inside stationary phase hosts, while free phage virions will not manage to168

establish new productive infections without an influx of new hosts or nutrients.169

Most known prophages respond to the cell’s SOS response, a cellular cascade signalling DNA170

damage. The SOS response causes (self-)cleavage of the phage repressor controlling the lysis-171

lysogeny decision and triggers induction [3, 54]. Antimicrobials, antifungals, antiseptics, DNA dam-172

aging agents (including UV light, pollutants) and metabolites [55, 56, 57, 58] may all prompt induction173

via the SOS response.174

However, not all prophages are induced by the SOS response indiscriminately. A Salmonella prophage175

was found to prevent phage production and lysis specifically if the SOS response is caused by ox-176

idative stress, potentially to avoid lysis within the hostile environment of phagocytes [59]. This is177

particularly interesting because oxidative stress has been found to promote horizontal transfer in an-178

other Salmonella prophage SopEΦ [60] and the Salmonella virulence plasmid pSLT [15].179

180
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Box 2: The continuum of mobile genetic elements

Temperate bacteriophages and conjugative plasmids are two examples of a much richer pool of
genetic symbionts called mobile genetic elements (MGEs). Advances in genome sequencing are
increasingly revealing the abundance and diversity of MGEs. Different types of MGEs exhibit a
variety of transmission strategies: only horizontally, only vertically, or both, either independently
or with the help of other MGEs. In general, these MGEs exhibit a virulence-transmission trade-
off, yet the biological differences may lead to alternative solutions.

Various MGEs mix characteristics of plasmids and phages. Integrative and conjugative elements
(ICEs) integrate into the chromosome like a lysogen, but transmit through a conjugative pilus.
‘Phage-Plasmids’ (P-Ps) take a plasmid-like circular form in the cytoplasm, yet transmit hori-
zontally through cell lysis [61, 62, 63]. Filamentous phage are bacteriophages that do not lyse
the host cell, but extrude from the cell in a continuous fashion. The nature of the HVTT will
differ according to the virulence associated with increased horizontal transmission (decreased
host growth or killing) and the fidelity of vertical transmission (chromosomally integrated or as a
plasmid).

In addition, there are many MGEs that require a helper for their transmission [64]. Mobilizable
plasmids hitchhike co-resident conjugative plasmids [62], and phage satellites hitchhike phage
genomes and/or capsids. Insertion sequences (ISs) and transposons move between different
DNA molecules within the same cell, and can move between different hosts by inserting into
other MGEs. Much less is known about the timing and regulation of transmission for such non-
autonomous MGEs. In some cases an incoming ’helper’ phage is sensed through the SOS-
response or complex formation between a protein from the incoming phage and the regulatory
repressor of the resident prophage or pathogenic island [65, 66]. This triggers induction of
the resident MGE, who ’steals’ the helper phage virions for their own subsequent horizontal
transmission [65]. These complex multi-level interactions will affect the HVTT of both resident
and helper phage.

Plasmids The effect of host physiology on conjugation is best studied for F-like plasmids of enteric181

bacteria, which are tightly linked to their host’s metabolic state [15]. These plasmids are repressed182

by Dam methylation [45]. Plasmid replication creates a hemi-methylated state, which leads to a183

higher probability of conjugation in the current host and transiently in transconjugants [45]. High host184

growth rates thus lead to higher horizontal transfer. Other metabolism-related cues have differing185

effects on conjugation across F-like plasmids. The presence of nutrients upregulates conjugation186

in F (through the cAMP receptor protein) [45, 15], but represses it in R100 and pSLT (through the187

leucine responsive regulatory protein Lrp) [67, 15]. Nucleoid protein H-NS represses transfer in F188

during entry into stationary phase, but activates plasmid pRK100 [45, 15]. These outcomes result189

from interplay between host and plasmid regulatory pathways, and likely represent the product of190

coevolution.191

The effect of temperature similarly depends on the plasmid. H-NS represses conjugation of IncHI1192

plasmid R27 at temperatures above 30 ◦ [68], while it upregulates transfer of IncX3 plasmids in warm193

temperatures [69]. This suggests optimization for transfer in either the environment or warm-blooded194

hosts.195

In contrast to phages, there does not seem to be a universal effect of host stress (as signalled by the196

bacterial SOS response) on plasmid conjugation. In F-like plasmids, the bacterial membrane stress197

protein (Cpx) and Hfq – a global regulator involved in RNA stress response – decrease conjugation,198

but the heat shock response (RpoH) promotes it [15]. Oxygen stress increases conjugation in pSLT199

(through ArcAB and SdhABCD) [15].200

It has been widely debated whether the presence of antibiotics, non-antibiotic pharmaceuticals, or201
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disinfectants actively upregulates conjugation (directly or indirectly via the stress response). Some202

experimental studies report higher conjugation frequencies in the presence of these substances,203

but the estimation methods are often biased, conflating an effect on transconjugant growth with204

conjugation [70, 71]. Studies relating exposure levels, SOS response, transfer gene expression [72],205

and appropriate conjugation assays [73] are sorely needed.206

3.3 Presence of competitors207

Theoretical predictions The dynamics of MGEs are not only affected by their hosts, but also by208

co-infecting MGEs. MGEs interact both within and between hosts: they vie for the same susceptible209

cells, and influence each other’s survival and onward transmission. Theory predicts that the effect210

of competition and cooperation on transmission strongly depends on the biology of the system [2].211

Interactions occur between closely related elements (‘self’), leading e.g. to phage MOI sensing, or212

more distantly related elements (‘non-self’), which will be the focus here.213

Both temperate phages and conjugative plasmids often encode mechanisms to prevent attachment214

(‘surface exclusion’), entry (‘entry exclusion’), or establishment (e.g. CRISPR-Cas, replication inter-215

ference) of MGEs into cells they occupy [74, 75, 76]. This effectively reduces the pool of susceptible216

hosts for their competitors, and will favor increased vertical transmission [2]. Instead, if competitors217

can superinfect and displace other MGEs in a host, this may drive the evolution of higher horizontal218

transmission.219

The competitive ability within a host and horizontal transmission can also be linked. For instance, a220

phage that lyses the cell earlier than its competitors will have a higher competitive ability at the cost221

of higher virulence. As this is deleterious for co-infecting competitors, this will result in selection for222

increased horizontal transmission as the number of unrelated competitors increases [2]. If horizontal223

transmission depends on the production of public goods (e.g. holins or phage capsids), increased re-224

latedness of co-infecting strains will select for increased horizontal transmission. Instead, increased225

within-host competition reduces relatedness (selects for cheaters) and thus reduces horizontal trans-226

mission [2].227

Phages Temperate phages have developed a range of strategies to protect themselves (and their228

hosts) from other phages while inserted in the genome [75, 77, 78]. To improve vertical transmission,229

prophages encode a range of superinfection exclusion, induction inhibition and defense systems [75,230

79, 77]. Some systems, e.g. adsorption prevention of competitors, work preemptively, while others231

like CRISPR-Cas defense are reactive [77].232

If a co-resident prophage induces the lytic cycle, switching to horizontal transfer becomes the best233

survival strategy for all resident prophages. Since the SOS response cleaves the lysogeny-regulating234

repressors of most prophages, it is a general but unspecific signal for competitors. Additionally, some235

lambdoid prophages are induced by the same ‘antirepressor’: a protein inactivating the lysogeny-236

regulating repressor [80]. Antirepressors produced by one prophage can induce related phages [80].237

However, shared induction promotes within-host resource competition that all phages suffer from [81].238

This might lead to a race for more sensitive or faster induction to avoid the resource competition. The239

discovery of phage-specific induction modules – independent of the SOS response – supports this240

theory, but their induction cues are not yet known [82].241

Plasmids Like phages, conjugative plasmids encode superinfection exclusion and defense sys-242

tems to prevent incoming plasmids from establishing in the same host. Nearly all conjugative plas-243

mid families contain surface or entry exclusion systems [76, 83, 84], roughly 20% carry restriction-244

modification systems and some carry CRISPR-Cas [85, 86]. New defense and exclusion systems are245

being discovered continuously, painting a picture of widespread competition between plasmids (and246

other MGEs). However, there is less evidence that plasmids actively use the presence of competitors247

to regulate their conjugation.248

9



Co-infecting plasmids affect each other’s realized vertical and horizontal transmission rates. Vertical249

transmission is reduced if the competitor plasmid reduces host growth, and if replication or parti-250

tioning incompatibility reduces faithful plasmid segregation. Such incompatibility leads to within-host251

competition, which may also modulate horizontal transfer due to its effect on the copy number (and252

corresponding transfer gene expression) of both plasmids [47]. To repress horizontal transmission,253

some plasmids encode fertility inhibition systems that interfere with the derepression of unrelated,254

co-resident plasmids [87]. However, co-resident plasmids may also increase each other’s horizontal255

transmission, as the simultaneous expression of two T4SSs could stabilize mating pairs and increase256

efficiency of transfer [88].257

For equally fit plasmids, theory predicts that the population dynamics of two co-circulating plasmids258

depend on the fitness effects of co-infection [89]. If co-infection confers a fitness benefit (e.g. lower259

host death rate), the plasmid variants will be under negative frequency dependent selection, promot-260

ing invasion of rare variants. If co-infection is more costly than carriage of a single plasmid, there will261

be positive frequency dependent selection, promoting stability of the dominant variant. This remains262

to be tested in experiments or observational data.263

Table 1: Environmental cues that affect the optimal balance between vertical and horizontal trans-
mission in temperate phages and conjugative plasmids. We compare predictions from virulence-
transmission trade-off theory [2] to experimental evidence for phages and plasmids. Symbols indi-
cate whether a cue was predicted or observed to increase vertical (↓) or horizontal transmission
(→). Cases where we did not find evidence in either direction are marked with ”-”.

Cue Theory Phages Plasmids
Host cell density
High host density → → [18, 32, 33, 34],

↓ [36]
-

High MGE to host ratio ↓ ↓ [3, 22, 21, 23, 24,
25, 27, 29, 30, 31,
35]

↓ [41, 42, 43, 44],
→ [42]

Recent transfer → - → [45, 46]
Host physiology
Nutrient depletion ↓ ↓ [3, 48, 49, 51, 52] ↓ [15, 45], → [15,

67]
Small cell size ↓ ↓ [50] -
Oxidative stress ↓ → ↓ [59], → [60] → [15]
Antibiotics and com-
pounds with antimicro-
bial effect

- → [57, 56, 90, 55,
58]

-

DNA damage (e.g. UV) - → [54] -
High temperature ↓ → → [48, 91] → [15, 69], ↓ [68]
Stationary phase - - ↓ [15]
Increased survival out-
side host

→ - -

Competitors
External attachment of
competitors

- ↓ [30] -

Entry of competitors - → [65, 66, 78] -
Coresident competitor
switches to horizontal
transfer

- →[80] -
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4 Concluding Remarks264

We discussed how MGEs use environmental cues to regulate their transmission, and how this com-265

pares to theoretical predictions of the optimal transmission strategy in those environments. These266

cues group into three main categories: host availability, host physiology, and competitors. We find267

experimental evidence that MGE transmission regulation follows optimal transmission strategies pre-268

dicted by theory. For example, horizontal transfer is favored at high host density and systems that269

sense host or MGE density are widespread [18, 21].270

In contrast, host physiology encompasses a range of environmental stressors and metabolic cues,271

which trigger diverse responses in plasmids and phages. These responses do not always align with272

simple predictions from the HVTT. Stress reliably induces horizontal transfer in prophages, but less273

in plasmids. Because phages can survive independently outside host cells, they can bet on future274

infection. Instead, plasmid fate is tied to the host, and host survival is a priority. This seems to be a275

general trend, where plasmids are more strongly adapted to the host cell environment and lifestyle276

than phage. Perhaps the high cost of death by lysis enforces a stricter HVTT in phages, leading to277

better alignment with theoretical predictions. Further, domestication by the host may interfere with278

MGE transmission. Future work should consider how the host constrains MGE-driven strategies to279

optimize transmission and modulates the framework presented here.280

The last category of cues, competitors, is characterized by a wealth of theoretical predictions but281

scarce experimental evidence. It is becoming increasingly clear that competition between MGEs is282

widespread, reflected in e.g. the diversity and ubiquity of mechanisms to prevent entry and estab-283

lishment of competing elements. However, more work is needed to understand whether and how284

phages and plasmids actively regulate their transmission in response to competitors.285

Many questions remain regarding the (a)biotic factors that affect the HVTT (see ’Outstanding Ques-286

tions’). Comparison of MGEs is needed to disentangle the trade-offs set up by different aspects of287

the MGE lifestyle (e.g. replication and transmission mode). This will improve our understanding of288

the virulence-transmission trade-off, MGE-host co-evolution, and the MGE continuum. Comparisons289

can also identify gaps in the literature: for instance, QS systems are better studied in phages than290

plasmids, while they are likely equally relevant [22]. Beyond the dynamics of the MGEs, more study291

is needed to determine the influence of ecological interactions between hosts on transmission.292

Understanding whether an environment favors more horizontal or vertical transmission is fundamen-293

tal to predicting the eco-evolutionary dynamics of MGEs and the bacterial populations they infect.294

The transmission dynamics of temperate phages and conjugative plasmids are directly medically295

relevant, as limiting their horizontal transmission can reduce bacterial pathogenicity [92] and the296

spread of antibiotic resistance [93]. This knowledge can inform antimicrobial treatments like phage297

therapy [94], or bioremediation efforts using MGEs to promote degradation of organic pollutants [95].298

More broadly, MGEs are ideal models for studying the evolution of virulence and transmission ex-299

perimentally, given their simplicity, short generation times and high reproduction rates [13, 94, 47].300

Insights derived from MGEs will aid in understanding and preventing disease transmission more301

broadly.302
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Outstanding Questions

• MGEs use different sensing modalities to listen to host/MGE density or environmental con-
ditions. How does MGE or bacterial host lifestyle determine which type of sensing system
is optimal?

• Do plasmids not listen to the SOS response or has it just not been described yet? Modeling
is needed to determine how the optimal response to stress may depend on MGE charac-
teristics. Experiments and observational data are needed to determine the mechanisms
and prevalence of stress-related regulation in MGEs.

• Surprisingly few experimental studies have investigated how MGEs respond to their com-
petitors. Do plasmids have a way to sense MOI? How does the response to competitors
depend on characteristics of the focal and competing MGE?

• Why do different phages and plasmids have opposite responses to host metabolic cues?
Modeling could be used to understand the evolutionary pressures driving these differences,
and experiments to investigate regulation in a wider diversity of MGEs.

• To which extent can MGEs optimize their transmission independent from host regulation?
Which role does host domestication play in the evolution of MGEs?

• How does the HVTT manifest across the wider MGE continuum? How do these trade-offs
lead to alternative life history strategies and speciation?
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