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Abstract 

Bacteriophages and archaeal viruses contribute, through lysogenic conversion or transduction, to 

the horizontal transfer of genetic material between cellular genomes. Recent works using a variety 

of approaches have shown that lysogenic conversion is widespread and provides hosts with adaptive 

traits often associated with biotic interactions. The quantification of the evolutionary impact of 

transduction has lagged behind and still requires further theoretical and experimental work. 

Nevertheless, recent studies have suggested that generalized transduction could play a role in the 

transfer of antibiotic resistance genes and in gene acquisition during intra-specific competition. 

Phage-mediated horizontal transfer has specific characteristics that complement other mechanisms 

of transfer. Notably, they could play a key role in the spread of adaptive genes between 

communities.
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Horizontal gene transfer (HGT) drives the evolution of the genomes of Prokaryotes. Bacterial phages 

and archaeal viruses (all called phages henceforth) promote HGT through three major mechanisms 

(Figure 1). Temperate phages may integrate temporarily the host genome, and the expression of its 

traits leads to lysogenic conversion [1]. The resulting prophages may excise erroneously and transfer 

a neighboring piece of the host chromosome in a process called specialized transduction. Finally, 

host DNA may be packaged by mistake in the capsid during the lytic cycle and lead to generalized 

transduction of this genetic material to other hosts [2]. The amount of DNA transduced by phages is 

typically slightly superior to the size of its genome and depends on the internal volume of the capsid 

[3]. Other mechanisms of HGT implicate virion particles. They are reviewed in other articles of this 

issue and include transduction by gene transfer agents, the transfer of phages by vesicles, and the 

subversion of phage virions by genomic islands (see issues in this volume 

[TO_ADD_IN_PRODUCTION]). 

Both mechanisms of transduction were first reported in the early 1950's, when phages were 

essential tools to discover the basic principles of molecular biology. After several decades of less 

intense study, phages have come back to the spotlight due to increased interest on phage therapies 

to circumvent antibiotic resistance, to the numerous phage-encoded virulence factors, and because 

of phages' role in the regulation of microbial populations [4-6]. Transduction and lysogenic 

conversion are relevant for all these topics. Both processes facilitate the spread of antibiotic 

resistance and virulence factors. Lysogenic conversion may also protect hosts from other phages. A 

combination of recent single-cell, genomics, metagenomics (viromes in particular), mathematical 

modelling, and other techniques has spurred a renewed interest in transduction as a force driving 

the diversification of microbial populations. This review focus on the most recent works and points 

to certain limitations in the current knowledge on these topics.

Lysogenic conversion 

Lysogeny often involves the integration of the temperate phage genome in the host chromosome, 

even if a growing number of prophages are found to replicate in cells as plasmids [7,8]. The 

expression of prophage genes leads to phenotypic changes in the host that may affect many 

different traits, including virulence, motility, and inter-bacterial competition (see [5,9] for reviews). 

The identification of the determinants of the decision between lysis and lysogeny can thus enlighten 

the role of lysogenic conversion in bacterial evolution. 

The decision of lysogeny in temperate phages is taken by a stochastic genetic switch (Figure 1). 

Lysogeny is result of between 0% and 50% of the infections by phage �; it is more frequent under 

high multiplicity of infection (MOI), high host doubling time, and when cells are small [10,11]. These 
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trends can be explained by the differences between the expected reproduction rate of the element 

as a prophage and as a lytic phage. Poor host growth conditions lead to small cells, and both lead to 

low burst sizes, thus reducing the payoff of entering the lytic cycle. High phage concentrations in the 

environment also reduce the phage reproductive rate because few hosts are available for novel 

infections. These conditions are expected to favor lysogeny, and this is in agreement with some 

environmental studies (e.g., see [12]). Two recent phage metagenomics (virome) studies showed 

that virus-to-microbe ratios decrease with microbial abundance [13,14]. Interestingly, the large 

meta-analysis in [13] also shows that the fraction of temperate phages, among all phages, increases 

with bacterial cell density. This has spurred the Piggyback-the-winner model, which proposes that 

lysogeny is favored at high cell densities because phages can attain relatively high reproductive rates 

from lysogeny when its host is a fast-growing bacterium. It is unclear how this fits the laboratory 

observations that lysogeny is favored under poor growth conditions, even if it's in accordance with 

the observations that species able to grow fast under optimal conditions have more prophages (see 

below, [15]). It could also be argued that high viral densities result in low phage reproductive rates, 

and thus favor lysogeny. But how could phages take an informed decision on lysogeny based on the 

environmental concentration of phages? High multiplicity of infection is a proxy of phage density in 

the environment and shifts the decision towards lysogeny in phage � [11]. Alternatively, some 

phages encode mechanisms resembling quorum-sensing that allow the infecting phage to sense the 

environmental concentration of phages and use this information to decide between lysis and 

lysogeny [16]. Other molecular mechanisms may provide phages with information valuable for the 

decision of lysogeny and contribute to explain its frequency under high viral concentrations. 

Changes in community composition complicate the meta-analysis of virome data because the 

frequency of temperate phages depends on traits beyond the joint dynamics of lysogeny and 

prophage induction. Notably, it depends on the bacterial species present in the community. Around 

half of the sequenced genomes harbor a prophage [17]. Whereas some species have extremely large 

numbers of prophages, e.g., close to 20 in certain Escherichia coli strains, others have none, e.g., no 

prophage could be found in the genomes of 21 Chlamydia trachomatis strains [15]. The contribution 

of prophages to the diversity of gene repertoires can be huge: they accounted for 41% of the 

accessory genome of a set of 47 E. coli strains [18]. Prophages are more frequent in bacteria with 

larger genomes (and may be a cause or a consequence of the latter) and in those that are pathogens 

(in line with evidence showing that many virulence factors are encoded in prophages) [15]. But, 

somewhat surprisingly, the species minimum doubling time was the strongest statistical 

determinant of lysogeny identified in a recent analysis  [15], suggesting a strong link between 

copiotrophic lifestyles and lysogeny. This is consistent with environmental data showing that 
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lysogeny depends on the variability of prokaryote physiology [19]. Phages infecting bacteria with 

strong variations in growth rates, i.e., those with high maximal growth rates or strong population 

bottlenecks, may face more variable benefits from lysis and thus engage more often in lysogeny. 

During lysogeny there is an alignment of interests between prophages and hosts because their 

reproductions are tightly linked. This alignment can be disrupted in several ways. First, the induction 

of the prophage under situations of endangered host viability, leads to phage reproduction at the 

cost of cell death (Figure 1). Hence, the adaptive traits carried by lysogenic conversion come at a 

significant risk for the host [20]. Second, mutations may inactivate the prophage and reduce its 

ability to kill the host. In this context, it of interest to know the viability of the prophages, which has 

been studied exhaustively in two studies. Only two of the 18 E. coli O157:H7 Sakai prophages, and 

only one of the seven Enterococcus faecalis V583 prophages, were found to produce viable 

infectious particles. Hence, most prophages were defective at some level. In theory, the existence of 

recombination between phages and prophages [21-23], could permit the reanimation of defective 

prophages by purging their inactivating mutations. However, since prophages tend to prevent 

infection by closely related phages, the probability of reanimation shortly after the first inactivation 

events might be small (and even lower afterwards, when many mutations have accumulated). In 

spite of the near irreversibility of prophage inactivation, many prophages in the two above-

mentioned studies were shown to be inducible, produce virions, and/or were able to lyse the host 

cell [24,25]. There are even reports of groups of prophages coordinating their induction [21]. Hence, 

defective prophages may remain dangerous genetic elements even when their replication becomes 

almost exclusively dependent on host reproduction.

Given that inactivated prophages can still kill the host, it might be thought that natural selection 

would quickly remove them from the population. Yet, defective prophages may encode adaptive 

traits [26], and remain in genomes for long periods of time, during which inactivating mutations are 

counter-selected [27]. Domestication of degraded prophages may thus result in long-standing 

lysogenic conversion of the host. Furthermore, the constant influx of novel prophages facilitates the 

processes of co-optation of their molecular machineries, leading to functional innovation (see 

[28,29] for reviews). 

Specialized transduction

Specialized transduction results from an event of inaccurate excision of the prophage from the 

chromosome, e.g., by "illegitimate" recombination, that leads to the packaging of a section of the 

prophage and the contiguous chromosomal DNA (Figure 1). Illegitimate recombination depends on 

the local density of repeats [30], with the consequence that specialized transduction rates may be 
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very susceptible to the chromosomal context of the prophage. Specialized transduction occurs at 

very low frequency in � (10-6 relative to normal excision [31]), and has been described in few other 

phages (e.g., [32,33]). Even though quantitative data is lacking, it is usually thought that most 

transducing phages are defective in certain functions. Specialized transduction can thus be a one-

shot event, much like generalized transduction (see below), and integration of the genetic 

information in the novel cellular host genome may depend on the homologous recombination 

machinery. Nevertheless, the internal volume of the capsid allows packaging a DNA molecule that is 

longer than the phage genome, up to 108% in � [34], and specialized transduction may sometimes 

lead to the transfer of complete, or almost complete, phages (at the cost of transducing very little 

bacterial DNA). The relevance of specialized transduction to bacterial evolution is difficult to quantify 

experimentally and by comparative genomics, explaining the paucity of recent literature on the 

subject (outside the specific domain of genetic engineering [35]). 

Generalized transduction

Generalized transduction results from errors in discriminating phage from chromosomal DNA during 

packaging.  This mechanism can transfer any chromosomal sequence, including rDNA [36], and its 

integration in the host chromosome may require homologous recombination. Generalized 

transduction has usually been identified in phages packaging their genome using the pac system 

[37]. Yet, many phages seem to be able to transduce DNA, e.g., a study has identified that 99% of 

Salmonella prophages were capable of generalized transduction [38]. Furthermore, some mobile 

elements that parasite phage capsids seem to have evolved the ability to be packaged by cos phages 

(using this other major mechanism of DNA packaging) [39]. 

Until recently, it was thought that generalized transduction occurred at low frequency. However, 

recent single-cell analyses observed transduction rates close to 1% per plaque forming units when 

natural communities were used as recipients [40]. The differences from previous works may result 

from genetic and environmental effects that affect the rate of generalized transduction. For 

example, transduction rates are low under high phage density, because the host of the transducing 

phage is likely to be infected (and killed) by viable phages. Generalized transduction is a concern 

during phage therapy, since it may transfer virulence or resistance determinants between cells [41].

Temperate phages engaging in generalized transduction can be used to both kill competitors and 

obtain their genes. This works in two steps. Lysis of a small fraction of the population of lysogens 

generates phages that can decimate competing populations of sensitive cells [42]. This should be 

advantageous during colonization, even if only lasts as long as the initially sensitive population does 

not become lysogenic (and thus phage resistant) [43,44]. The reproduction of the phage in the 
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sensitive population leads to generalized transduction of their genes to the original bacterial 

population. Hence, lysogens can use their prophages to kill other bacteria and then use the resulting 

transducing virions to acquire novel genes. This mechanism of autotransduction depends on 

lysogens that are protected against super-infection and accept transducing virions. In the laboratory, 

it was shown to greatly increase the rate of transfer of antibiotic resistance genes to Staphylococcus 

aureus [45].

Determinants of transfer 

Many variables affect phage-mediated HGT, and further theoretical work is needed to understand 

how they could interact in transmission networks (Box 1). The phage host range affects the ability of 

these processes to spread genes in communities. The analysis of the networks of gene homology 

between bacteria and phages (so-called transduction networks) suggests that most transfer takes 

place between closely related taxa [46], in agreement with the traditional view that phages have 

narrow host ranges. Yet, this view is being challenged by the discovery of elements able to cross the 

species or even the genus barrier [6,47-49]. The consequences of these findings are amplified by the 

observation that transduction host-range is often broader than the phage replication host-range 

[50,51], and that host range is best described as a continuum of decreasing ability to infect a given 

host [52]. An extreme example of this is given by the proposal that eukaryotic-like proteins in a 

phage of Wolbachia result from inter-kingdom transduction events [53]. Such phages, even if rare, 

might have key roles in the transmission of genes across phyla.

Phage-mediated HGT depends on the efficiency of bacterial defense tools, which have been very 

intensely studied in the last few years and cannot be reviewed in this short article (see [54]). Phages 

encode their own tools to circumvent bacterial defenses [55]. They also encode tools to protect their 

prophages (and the host) from infections by other viruses [56]. A recent study has searched 

systematically for these protective systems in cluster N mycobacteriophages and identified five 

distinct systems that interfere with closely related or unrelated phages [57]. All these systems are 

expected to affect the rates of transfer between individual cells. For example, bacteria with 

compatible restriction-modification systems have been found to engage in much higher rates of HGT 

and homologous recombination than the others [58].

Antibiotic resistance

The role of transduction in the spread of antibiotic resistance genes (ARG) is a relatively recent topic 

of research because these genes are much often identified in conjugative elements than in phages. 

However, work in this topic is being spurred by studied identifying many ARG in gut viromes 
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following antibiotic perturbation [59,60]. The analysis of viromes is technically challenging because 

bacterial contamination can be mistaken by transducing phages [61]. Yet, a number of reports also 

identified ARG in bona fide phages or prophages (e.g., [62,63]), or in transducing elements [64]. 

These observations suggest that phages could play an important role in the transmission of ARG 

from external to host-associated environments because phage-mediated HGT can take place 

between distant bacterial cells [65]. The actual effect of antibiotic treatments in transduction is 

complex and requires further theoretical treatment because sub-lethal doses of antibiotics can 

stimulate the induction of the lytic cyle in lysogens in vivo [66], and increase the efficiency of phage 

infection [67]. Furthermore, the presence of phages can offset the costs of antibiotic resistance by 

increasing selection for high mutation rates in hosts [68]. The scientific and clinical relevance of this 

topic deserve further attention in the future. 

Conclusions

Much remains to be known regarding the role of phages in HGT (Box 2). Even if metagenomics data 

suggests that generalized transduction may contribute significantly to HGT in prokaryotes, 

quantitative data on this process is still lacking. Our ignorance is even more dramatic regarding the 

significance of the contribution of specialized transduction, whose role in prokaryotic evolution 

remains to be demonstrated.  At this stage, the relevance of lysogeny in HGT is well-established, but 

novel studies and approaches are needed to understand the relevance of transduction. 

Mathematical models may pave the way to integrate the existing knowledge on the population 

dynamics of phages and bacteria, and guide future work on phage-mediated HGT (see Box 1).

The specific characteristics of the three mechanisms of phage-mediated HGT may affect microbial 

evolutionary dynamics. First, these mechanisms differ in terms of the number and diversity of 

chromosomal genes they can transfer. Second, they are driven by different types of phages: 

specialized transduction is restricted to temperate integrative phages, lysogenic conversion to 

temperate phages, and generalized transduction is usually observed in pac-phages. Third, host 

defence systems affect these mechanisms differently. In particular, CRISPR-Cas systems target phage 

DNA and are thus expected to be more permissive to generalized transduction. Fourth, although all 

mechanisms are affected by the phage host range, transduction events requiring homologous 

recombination to integrate the chromosome may be more affected by host range than lysogenic 

conversion. Finally, prophages may be induced and kill their hosts. On larger evolutionary scales 

these distinctions can be blurred by recombination between virulent and temperate phages [69], but 

at the population scale one expects that phage-mediated HGT will depend strongly on the 

characteristics of the phages and bacteria present in the community. 
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Relative to other mechanisms of HGT, like transformation and conjugation, phage-mediated HGT has 

some unique traits. On the downside, transduction occurs at low rates and typically involves few 

chromosomal genes, which may restrict its ability to transfer complex traits (requiring the co-

transfer of many genes). Specialized transduction and lysogeny may also result in host death. On the 

upside, phage-mediated transfer does not require direct cell-to-cell contact (like conjugation), and 

can transfer DNA across environments (unlike transformation). Phages can survive in the 

environment for long periods of time, allowing time-delayed transfer of genetic information. They 

could thus play instrumental roles in spreading traits between communities. Further theoretical and 

empirical work is urgently needed to understand the range of conditions favouring phage-mediated 

transfer and their consequences to the evolution of cellular genomes. 
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Box 1| Modelling transduction of adaptive traits

Models are simplified representations of reality that can be used to predict the outcomes of 

biological processes and, when they fail, pinpoint deficiencies in our current knowledge. Theoretical 

approaches can establish the expected temporal dynamics of processes, and the study of bacteria-

phage interactions has benefited greatly from the development of mathematical models. These have 

been used, for instance, to study growth and predation dynamics [70], the evolution of CRISPRs [71], 

the consequences of phage therapy [72], or the use of cell suicide as a defence from phages [73]. 

However, there were very few attempts at modelling phage-mediated transmission of adaptive 

traits between bacteria. A possible reason for the dearth of such approaches might be the 

complexity of integrating bacterial adaptation, predator-prey behaviours, and within-host viral 

dynamics. 

The relative importance of generalized and specialized transduction for the dissemination of an 

adaptive trait is unclear. Theoretical models could be used to explore plausible dynamics, providing 

insights and experimentally testable hypotheses. This has been shown for other mechanisms of 

horizontal gene transfer [74] and can therefore also be used to disclose the impact of transduction in 

the adaptation of bacterial populations. A recent study used a system of deterministic differential 

equations to model the spread of an adaptive trait by transduction, and estimated that both 

generalized and specialized transduction might have a minor role in the spread of antibiotic 

resistance genes relative to conjugation [75]. 

However, the interplay between ecology and evolution, involving community and environmental 

structure, can significantly impact the dynamics of transduction. Individual-based models (IBMs) are 

an emerging modelling approach that provides a suitable framework to study these and other 

dynamics in microbial systems [76]. IBMs provide a link between individual heterogeneity (e.g., 

bacteria infected by different phages, or at different stages of infection) and population-level 

dynamics (e.g., the frequency of horizontally transferred adaptive traits or the community 

composition), whilst accounting for stochasticity. Thus, they could become a useful tool in 

understanding the role of phages in the evolution of prokaryotes' gene repertoires. 
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Box 2| Some outstanding questions:

- What is the frequency with which lysogenic conversion is adaptive? 

- What are the ranges and rates of generalized transduction? 

- What is the evolutionary relevance of specialized transduction?  

- What are the relative roles of physiology, phage and host density in the decision of lysogeny?

- Are there specific evolutionary roles for the different modes of phage-mediated HGT? 

- What is the evolutionary relevance of the mechanism of auto-transduction? 
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Figure captions

Figure 1. Major phage-mediated HGT mechanisms

Phages contribute to bacterial evolution by generating genetic diversity through horizontal gene 

transfer (HGT). Infection by temperate phages can lead to either the lytic cycle (represented in 

green) or the lysogenic cycle (represented in blue). Infection by virulent phages leads to the lytic 

cycle. Transduction occurs when newly forming phages acquire host genes and transfer them to 

other bacterial cells. (A) Generalized transduction can transfer random fragments of host or plasmid 

DNA into other phage sensitive cells. It occurs when phage packaging accidentally incorporates host 

instead of phage DNA (red). It can be done by both temperate and virulent phages. (B) Specialized 

transduction is due to faulty excision of the prophage from the host chromosome leading to a phage 

genome with both phage (red) and host genes (black). This type of transducing phage only transfers 

host genes neighbouring the integration site of prophage, and is restricted to temperate phages. (C) 

Lysogenic conversion occurs when a prophage (integrated or episomal) induces a change in the 

phenotype of the infected cell (that is not part of the phage lifecycle). For example, prophages may 

encode proteins such as toxins (red circles), that are either secreted, or released on bacterial lysis, 

and contribute to bacterial pathogenicity. (D) Some molecular machineries (orange), such as killer 

particles, R-type pyocins (tailocins), gene transfer agents (GTAs) and type VI secretion systems 

(T6SSs), are structurally, and one assumes evolutionarily, related to phage components. GTAs are 

non-replicative phage-like elements integrated in the host chromosome that package and transduce 

random host DNA fragments for constitutive transduction.

http://www.newworldencyclopedia.org/entry/Phenotype
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Highlights 

� Phages drive horizontal gene transfer between prokaryotes.

� Lysogenic conversion provides novel adaptive traits, at the cost of eventual lysis.

� Prophages account for a sizeable fraction of bacterial gene repertoires.

� The environmental rates of specialized and generalized transduction, and their evolutionary 

relevance, are poorly known.

� Theoretical work is necessary to understand the potential implication of transduction in the 

evolutionary dynamics of prokaryotes.
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Hypothetical dynamics of specialised and generalised transduction in the spread of an adaptive trait. (A) Generalised transduction (blue 
line) could be more likely to incorporate the adaptive trait that provides an advantage in this scenario, since it has potential access to any gene 
in the bacterial genome. However, its further spread is limited to vertical inheritance, since generalised transduction generates defective 
phage. Conversely, specialised transduction (green line) of a specific adaptive trait is less likely to occur (since encapsulation involves solely 
genes nearby the phage integration site), but its dissemination can be much faster, since the phage retain their viral characteristics. Hence, 
dissemination of the adaptive trait is enhanced by infection dynamics. (B) The vertical inheritance of defective phages where generalised 
transduction has occurred is mainly determined by the selective advantage (S) provided by the transduced trait. We hypothesise that, in a 
structured environment, the spread of an adaptive trait by vertical transmission is slower than in a mixed (liquid) environment. (C) If the trait is 
acquired by viable phage through specialised transduction, then its rate of dissemination of in a bacterial population could be mostly defined 
by the phage transmissivity (T). This compound variable represents the ability of phage to reach, infect and integrate new bacterial hosts, thus 
providing an horizontal path to the dissemination of the adaptive trait.


