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Phages have a major impact on microbial populations. In this work, we discuss how predation, transduction, lysogeny, and phage domestication lead to symbio-centric genomic interactions between bacteria and phages, ranging from antagonistic to mutualistic. Furthermore, these interactions influence bacterial diversification and ecotype formation. We then propose an additional consideration in the form of a symbio-centric ecological speciation framework for bacteria. Our framework builds upon classical morphological and molecular taxonomy by also considering bacteria and their phages as a unit of evolutionary selection. This framework acknowledges the considerable effect that phage interaction has on bacterial genomic content, regulation, and evolution, and will advance our understanding of bacterial evolution.
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INTRODUCTION

The work of microbiology pioneers Anton van Leeuwenhoek, Ferdinand Cohn, Albert Koch, Julius Petri, and Martinus Beijerinck, revealed the immense diversity of the microbial world and enabled the formulation of the first hypotheses about bacterial ubiquity and diversification. Early hypotheses about forces that regulated microbial diversity acknowledged the importance of environmental factors; that is, given the same conditions, the same microorganisms would grow, thus in similar environments, the same species would be present (Pasteur, 1861; Van Niel, 1949). In other words, “everything is everywhere,” the environment selects. This hypothesis has been generally accepted in the microbial ecology field until recently (see detailed discussion in O'Malley, 2008).

Although it is true that some bacterial species have been detected in various locations across the planet, the hypothesis that “everything is everywhere” may obscure our perception of the evolutionary processes modulating bacterial diversification. For example, Salinibacter ruber strains were isolated from 14 different locations across Mediterranean, Atlantic, and Peruvian sites. However, these strains were found to be considerably different based on metabolic characteristics, and this difference was correlated with geography (Rosselló-Mora et al., 2008). Should all S. ruber isolates be considered the same species? They undoubtedly share common genomic features, but considering the all different strains of S. ruber as a single species would hinder our understanding of the evolutionary processes that contributed to the forces that promoted the contemporary differences in metabolic potential.

Considerable effort has been devoted to determine genomic delineations used to demarcate microbial species as well as provide information on how bacterial species are generated and maintained over time, colloquially referred to as “the bacterial species problem,” but no consensus has been achieved so far (Konstantinidis and Tiedje, 2005; Achtman and Wagner, 2008; Doolittle and Zhaxybayeva, 2009; Shapiro et al., 2012; Cordero and Polz, 2014; Booth et al., 2016). Horizontal gene transfer (HGT) is recognized as a powerful phenomenon capable of generating variation in microbial populations (Soucy et al., 2015; Box 1), however current species delineations fail to consider the impact of HGT during classification of organisms into clusters of species. It seems that all gene families in prokaryotes have been affected by HGT, and generally, no two gene families, including 16S rDNA, share the same exact evolutionary history (Doolittle, 1999; Koonin et al., 2001; Gogarten and Townsend, 2005; Gribaldo and Brochier, 2009; Zhaxybayeva, 2009; Boto, 2010; Andam and Gogarten, 2011; Zhaxybayeva and Doolittle, 2011).


Box 1. Horizontal gene transfer—metabolic expansion and trait diversification.

Horizontal gene transfer (HGT) plays a major role in the evolution of metabolic pathways, and is a major driver of shared physiological traits allowing rapid adaptive evolution in the presence of environmental changes (Koonin et al., 2001; Pál et al., 2005; Treangen and Rocha, 2011; Puigbò et al., 2014). One example is the evolution of photosynthesis. Well-supported events of horizontal transfer of photosystem genes inter and intra phylum (Acidobacteria, Chlorobi, Choroflexi, Cyanobacteria, Firmicutes, and Proteobacteria) suggest that HGT played a considerable role in the evolution of this trait (Raymond, 2009). More specifically, for example, anoxygenic photosynthesis in Rhodopseudomonas palustris (Alpha-proteobacteria), Rhodocyclus purpureus (Beta-proteobacteria), and Ectothiorhodospira marina (Gamma-proteobacteria) rely on the same genes (Bapteste and Boucher, 2009). Other examples about the influence of HGT in the evolution of other traits, such as methylaspartate cycling and methanogenesis, have been described (Fournier, 2009; Maslov et al., 2009; Khomyakova et al., 2011).

Besides the acquisition of novel genes, HGT also provides means for recombination and helps avoid collapse of the population due to mutational meltdown (Muller's ratchet process) (Lynch et al., 1993; Gordo et al., 2002; Iranzo et al., 2016). Koonin and Novozhilov (2009) have pointed out the relation between HGT and the universality of the genetic code, allowing the flow of information necessary for evolution among biological entities in all directions (i.e., vertically and horizontally). HGT promotes diversification through genetic mixing between gigantic evolutionary distances (such as viruses and eukaryotes) thanks to the universality of the genetic code.



Despite significant breakthroughs in our understanding of neutral processes (Zeng et al., 2015), a large and diverse collection of microbial genomes for comparison (National Center for Biotechnology Information—NCBI; Nordberg et al., 2014), a growing appreciation for integrative methods (Edwards and Knowles, 2014), and accepted impact of HGT, we currently lack a detailed understanding of how microbial diversity eventually leads to speciation. Additional consideration of the environmental parameters at the time the samples are taken, though often not feasible, would improve the understanding of contemporary forces of selection that are maintaining some of the metabolic differentiation between strains. However, environmental data represents only a portion of the selective pressures that microbial populations experience. Coevolutionary forces are responsible for promoting considerable changes in the interacting players (Thompson, 2013). Perhaps then, a more significant source of selective pressure imparted on microbial populations is phage predation. Some estimates hypothesize that phages are ten times more abundant than their bacterial hosts, and thus far everywhere bacteria have been found there are also phages. Bacteria-phage interactions often influence genome reticulations in both parties. In particular, infection with lysogenic phages significantly expand the genic repertoire of the host, usually expressing many accessory genes while the phage genome remains dormant in the host genome (Rohwer et al., 2014). In accordance with this, it is relevant to consider environmental selection acting on microbial populations to include the contributions of phage coevolution for microbial selection.

In the following sections, we will discuss how microbial genomic diversity eventually leads to ecological speciation, and we propose that considering the interaction of bacteria and their phage symbionts (Koonin, 2011) will lead to a deeper understanding of the mechanisms driving microbial evolution. We demonstrate how phages may modulate bacterial evolution by influencing fluctuating selection and evolutionary processes driven by HGT, and thus play a relevant role in bacterial ecological speciation.

ECOLOGICAL SPECIATION WITHOUT PHAGES

Ecological speciation is becoming the current paradigm for studying species evolution (Thompson, 2013). An understanding of bacterial diversification may be easier to achieve in light of ecological speciation, which is the formation of new ecologically distinct populations (i.e., ecotypes). However, before connecting ecological speciation with the context of bacteria-phage coevolution, it is necessary to disentangle the traditional ecological speciation framework that has been proposed for bacteria. The traditional ecological speciation model was proposed by Cohan (2001), and it relies on the assumption that cohesive forces in microbial populations are driven by a diversity-purging process in which genetic variability within the population is periodically reset by environmental changes, and the most adapted genotype prevails through a selective sweep. That is, in a heterogeneous population, a subgroup which evolves an advantageous trait for its specific niche will outcompete the other subgroups, driving the genotypes with lower fitness to extinction (i.e., a genome-wide sweep mechanism). Speciation, based on this model, happens when a subgroup evolves an advantageous trait that allows colonization of a new niche, and this subgroup becomes a new ecotype. Ecotype formation creates two separate but related populations that are no longer subject to the same periodic selection and cohesive forces (Cohan and Perry, 2007).

According to this traditional perspective, the ecological speciation framework resembles directional selection, because it favors the most adapted genotype. However, Thompson (2013) points out that focusing only on directional selection processes obscures the ecology and the whole dynamics of evolutionary changes. Ultimately, selective sweeps with a single genotype would lead to the erosion of the genotypic diversity in the population. Furthermore, a newly formed ecotype dominated by individuals from clonal expansion would be exceptionally prone to extinction given the selective pressure imparted by predators and parasites. Directional selection is undoubtedly important in ecotype formation, while a bacterial population is becoming acclimated to environmental conditions. However, there is a significant genetic diversity at the intra population level, which implies that processes such as predation or HGT are promoting genetic diversity. Therefore, these processes should be considered for understanding the process of ecological speciation and new ecotype formation. Hence they should be included in the ecological speciation framework.

Natural selection acts to preserve diversity within local populations. Fluctuating selection is a particularly efficient process that maintains diversity in populations through ecological interactions such as the host-parasite dynamics (Thompson, 2013); phages are one possible agent of fluctuating selection (see below). Over time ever-present fluctuations in the intensity, direction, and targets of selection, varying from generation to generation (Koskella and Brockhurst, 2014) create a negative frequency-dependent selection (i.e., the more common a host is the less fit it becomes) that promotes diversity in the population (Tellier et al., 2014). A fluctuating selection imposes pressure for constant diversification within the population, and no single genotype becomes completely dominant. However, fluctuating selection only provides pressure for diversification; the extent and direction of diversification will depend on the mechanisms present in the population to generate diversity, the genic potential of a population, and the magnitude of selective pressure imparted through fluctuating selection.

A new ecotype can emerge through the acquisition of novel niche-specific traits. Trait acquisition can occur through an accumulation of mutations (genetic potential), which can be directed by adaptive evolution (i.e., evolvability). Additionally, increased mutation rates or genomic reticulations could lead to the exaptation of genes through duplication, domain shuffling, and altered regulation (True and Carroll, 2002; Zhang, 2003; Taylor and Raes, 2004; Bergthorsson et al., 2007; Pigliucci, 2008). One example of evolution by increased mutation rates is provided by the Escherichia coli long-term experiments by Richard Lenski and co-workers (Blount et al., 2008). Twelve cultures of E. coli from one single population were grown in the absence of phages and serially diluted daily in media containing glucose as a carbon source as well as citrate. After 31,500 generations, a single population evolved the ability to utilize citrate (Blount et al., 2008). Clades containing these mutations coexisted with strains unable to utilize citrate as citrate utilization was optimized in these clades. Eventually the clades that had not developed the ability to utilize both substrates were outcompeted and went extinct (Blount et al., 2012; Turner et al., 2015; Lenski, 2017). These observations are a useful starting point, but are essentially axenic. They show us that without phage interaction bacteria evolution over time resembles periodic selection (Cohan and Perry, 2007) and therefore the traditional ecological speciation model (Figure 1). As discussed above, when considering environmental populations, the effects of fluctuating selection and HGT must be layered on top of the underlying process of periodic selection. Phages in particular represent a link between fluctuating selection, as they are a powerful predatory element in the environment, and HGT, as they are also one of the mediators of HGT. This suggests that a closer look at bacteria-phage interactions may help throw light on the bacterial diversification process.
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FIGURE 1. Bacterial diversification in the absence of phage interactions. Different clades within a population colonizing a challenging environment can evolve differently. Some of them may be able to evolve and colonize a different niche, i.e., ecotype differentiation. The capacity for coexistence based on independence of resource consumption may be limited and the evolved clade outcompetes the other clades and dominates both the novel and the ancestral niches (A). The symbols x and red circle represent clade extinction and dominance, respectively. The clades evolving outside evolutionary pressure (lower fitness) become extinct (B) following a diversity-purging process (C), i.e., periodic selection. According to this model ecological speciation in the absence of phages is constrained. This figure is based on Rodriguez-Valera et al. (2009), Blount et al. (2012), Turner et al. (2015), and Lenski (2017).



ECOLOGICAL SPECIATION WITH PHAGES

Phage-bacteria interactions are unique in that phage interactions with bacteria can range from predatory, to parasitic, to commensal, and even to seemingly mutualistic. Different types of interactions lead to different evolutionary scenarios for the host population, and different genomic signatures. For example, Clustered Regularly Interspersed Short Palindromic Repeat (CRISPR) arrays provide a record of predatory attacks by phages. Considering the number of phage interactions and the type of phage interactions should provide more detail about the process of ecological speciation. The null expectation derives from experiments like the E. coli experiment mentioned above, in which no interaction with phages may result in directional selection and one dominant phenotype with relatively limited genotypic diversity. Below we discuss the implications for genetic diversity in a microbial population that result from each of the categories of phage-bacterial symbioses.

Antagonistic coevolution such as predator-prey dynamics is considered one of the major ecological drivers of genetic variation through fluctuating selection (Thompson, 2013). According to the model proposed by Rodriguez-Valera et al. (2009), the increase in abundance of a successful bacterial strain increases the chance of finding a phage specific to that strain (Lotka-Volterra dynamics). In this model, rare genotypes have a fitness advantage over abundant genotypes (i.e., kill-the-winner dynamics). Therefore, instead of periodic selection (Cohan, 2001), antagonistic interactions between bacteria and phages result in fluctuating selection. In this scenario, bacteria clades of a local population fluctuate around stable levels in a constant-diversity mode of selection, and diversity within the population remains high (Rodriguez-Valera et al., 2009).

Besides selecting for a more diverse population, phage predation can increase mutation rates in their hosts (Pal et al., 2007; Paterson et al., 2010), driving genome-wide evolution (i.e., not only in loci associated with resistance to phages), and increase the genetic divergence in an already diverse population (Scanlan et al., 2015; Cairns et al., 2017). This increase in diversity together with niche selection pressure promotes evolvability and the development of novel niche-specific traits (Box 2). It has been recently predicted that the more violent the perturbations by phage predation (i.e., lytic interactions), the more diverse the community is (Maslov and Sneppen, 2017). Phages contribute to taxonomic variability and functional stability in microbial communities (Louca and Doebeli, 2017).


Box 2. Phage predation favors evolvability of bacterial population.

Rapid and constant evolution of phages and their hosts imply that this specific evolutionary dynamic is likely to be an important factor in many natural scenarios. An empirical example was provided by the Pseudomonas fluorescenses/phi2 model (Buckling and Rainey, 2002), in which genetic divergence in host populations is influenced by phage antagonistic interactions. The authors found that bacterial populations were better able to resist phages from their own microcosm; symmetrically, phages were less able to infect populations from their own microcosm when compared to others. The subgroups of P. fluorescens separated by the microcosms became different from their ancestral population, at least in terms of traits associated with defense mechanisms.

Pal et al. (2007) could verify that with <200 bacterial generations, 25% of the populations coevolving with phages had evolved 10- to 100-fold increases in mutation rates owing to mutations in mismatch-repair genes, while bacteria population evolving without phages showed no significant change in mutation rate. Another example was provided by a study performing three weeks' incubation in chemostat cultures of a marine flavobacterium and virulent phages (Middelboe et al., 2009). The authors observed that a single-strain host population diversified to different multi-strain genotypes; remarkably, they also observed a diversification of metabolic properties in the new strains. Many of these strains have a reduced capacity to metabolize various carbon sources, as demonstrated by BIOLOG assays. It could be argued in this case that the authors have provided a demonstration of the cost associated with the development of phage defenses by the host. This is an important evidence of diversification in traits not directly related with mechanisms of infectivity. In a general way, phage-host coevolution is a decisive factor in the movement of a bacterial population through an adaptive landscape. According to Williams's evolutionary model (Williams, 2013), diversification in response to phage action allows the host community to sample a larger region of the fitness landscape than mutation alone. Thereby, phage action increases the likelihood of intervening fitness valleys and discovering higher fitness peaks. This scenario is similar to heuristics in mathematical optimization, where non-exhaustive search may place solutions at local maximum hills. Similar to the phage influence in the movement of a bacterial population through greater fitness, heuristics start from random points and apply perturbations to increase the likelihood of reaching the global maximum. In this case, the diversification caused by phage predation works as a bridge to higher absolute growth rates, which would otherwise not be reached.



Phages are not only predators but also parasites. Parasites are intrinsic to all life, and are considered major drivers of important innovations and evolutionary transitions (Koonin, 2016). Lysogeny is a parasitic symbiosis where phages delay cell lysis, integrate into the bacterial genome, and lay dormant. Lysogeny is more common when the multiplicity of infection is high, cells are abundant, cells are slower growing, or cells are smaller in size (Touchon et al., 2017). Lysogeny leads to a temporary alignment between the welfare of the bacteria and the phage. Active lysogeny regulates bacterial genes (Feiner et al., 2015). Most microbial genomes sequenced to date have at least one lysogen, and some have more than 20 lysogens, like Sodalis glossinidius which has 29 (Kang et al., in review). These prophages, another term for lysogenic phage, can reside in the host genome for generations, leading to orthologous but divergent prophages among related subgroups of bacteria (Bobay et al., 2014). Over time prophages will evolve through the accumulation of small deletion events, recombination with other phages the host is exposed to, and recombination with other regions of the host genome (Bobay et al., 2014). The accumulation of new genetic information or combinations of genes through recombination can lead to the emergence of diversity in the host (Lang et al., 2012; Gama et al., 2013; Bobay et al., 2014; Davies et al., 2016; Touchon et al., 2017).

Though lysogeny has the potential to lead to cell lysis there can be many potential benefits. For example, in some cases the bacteria has protection from related phage predation through superinfection exclusion, which prevents related phages from injecting their DNA into the host (Seed, 2015). Importantly, lysogens can enable niche invasion through lytic induction of a small portion of the population upon exposure to a new niche. If the established population is not immune it will succumb to phage predation, and the invading population, protected through superinfection exclusion, is exposed to new genic material released from the established population by phage predation (Touchon et al., 2017). Any genes the previous population had acquired enabling them to adapt to the niche are made available to the invading population as a direct consequence of targeted phage predation combined with immunity due to the lysogenic phage. Or, it may happen the other way around, as lysogens can also enable niche protection. Prophage induction in part of the population can confer a phage-mediated form of immunity, thus protecting that population against other bacteria (Silveira and Rohwer, 2016).

Additionally, lysogenic phages often carry genes from previous infections that can be adaptive for their new host. Some genes that are found associated with phage genomes are: virulence factors, tRNAs (Kang et al., in review), toxin-antitoxin addiction modules, glycoproteins, metabolic genes, and antibiotic resistance genes (Popa et al., 2017). One study of 47 strains of E. coli showed that 41% of the genic diversity in these E. coli strains were attributed to genes carried by prophages (Touchon et al., 2017). This is reminiscent of the relationship between humans and their microbiome, which is responsible for the majority of genic diversity in humans (Soucy et al., 2013).

Sometimes during lysis phage error can lead to packaging of bacterial genes rather than phage genes, leading to a form of HGT called transduction. There are two main forms of transduction: specialized transduction, where an error in viral genome excision leads to the packaging of a small piece of host chromosome in addition to the viral genome, and generalized transduction, where a packaging error leads to a segment of host chromosome being packaged in lieu of the viral genome. Transduction frequency varies between environments (Popa et al., 2017), but overall generalized transduction is far more common than specialized transduction (Touchon et al., 2017). However, some Mu-like phages regularly package a few kilobases of neighboring DNA, and thus specialized transduction seems to have become part of the life cycle of these phages. Generalized transduction rates are lowest when the multiplicity of infection is high, probably because cells that are transduced are still susceptible to infection by the surrounding viruses, while cells that are infected with viruses cannot be re-infected due to superinfection exclusion (Casjens and Hendrix, 2015; Howard-Varona et al., 2017).

The longer that a lysogenic phage remains in the bacterial genome, the more potential there is that accumulating deletions and mutations will abolish cell lysis. Once a phage genome cannot establish an infective cycle, the reproductive fate of all of the phage genes are permanently linked to the fate of the host cell. In bacteria, genome streamlining will lead to deterioration of most phage-transferred genes. However, there are several examples of deteriorating phages evolving a more mutualistic phenotype through domestication. For example, gene transfer agents (GTAs) are domesticated phages that promote HGT between microbial cells. GTAs have evolved independently from various types of viruses at least six times (Lang et al., 2012). The best studied GTA is RcGTA in Rhodobacter capsulatus and is regulated by highly conserved gene networks that ensure coordinated release and uptake of the GTAs in the population expressing them (Westbye et al., 2017). Importantly, GTAs cannot package enough DNA to enable the recipient to encode a GTA (Lang et al., 2012). This permanently couples the fate of the GTA to its host. Another example of phage genes being repurposed with a more mutualistic role are tailocins, in which tail subunits from a phage are used in bacterial warfare (Ghequire and De Mot, 2015). Similar to GTAs, tailocins have evolved independently in several microbial groups, and in both GTAs and tailocins the organization of genes is highly similar to the organization in phage genomes, and genes are recognizably viral in origin (Ghequire and De Mot, 2015; Hynes et al., 2016). The fate of any gene lies in its replicative potential. In viral infections hundreds of replicates are produced in a matter of minutes; in contrast lysogens replicate only when the host replicates. This means that viral genes that become permanently linked to the fate of their host are hedging their bets on the replicative potential of their host; prophages often do this with acquisition of new genes, superinfection exclusion, or by enabling niche expansion. Domestication as in GTAs and tailocins are formed through selection that leads to retention of genes that promote the replicative potential of the host.

A SYMBIO-CENTRIC ECOLOGICAL SPECIATION FRAMEWORK

Once the infection is established, and phages overcome host immunity (i.e., CRISPR defenses), the cell may suffer the lytic or lysogenic cycle. Generally, the phage is likely to take the path that leads to the most convenient mode to produce its progeny. When environmental conditions are favorable, e.g., abundant host cells living in copiotrophic conditions, the lytic cycle is preferred, but when hosts are scarce, the infecting phages may decide for the lysogenic cycle (Oppenheim et al., 2005; Zeng et al., 2010; Koskella and Brockhurst, 2014; Obeng et al., 2016). If phage concentration inside the cell is high enough phages will decide for the lysogenic cycle (Zeng et al., 2010; Shao et al., 2017). As shown recently (Erez et al., 2017), phages may have sophisticated mechanisms for sensing host abundance. A PBdelta group infecting Bacillus produces a peptide under lytic infections, which is released in the medium. With that, during subsequent infections, the phage descendants can measure the amount of lytic infections that the host population has suffered, and then lysogenize if the peptide concentration is high. However, and curiously, bacteria able to grow faster under optimal conditions have more prophages (Touchon et al., 2016).

The extensive research developed in the last 20 years suggests that bacteria-phage interactions can be both antagonistic and mutualistic (Koskella and Brockhurst, 2014; Obeng et al., 2016). The most prominent ecological outcome of this interaction is ecological speciation, which is influenced by phage predation and phage-mediated HGT (Rodriguez-Valera et al., 2009; Koskella and Brockhurst, 2014; Obeng et al., 2016). From both angles, these processes can maintain the ecotype and sustain the emergence of new ecotypes while environmental conditions are changing (Figure 2). With that, bacteria-phage interactions modulate the biogeochemical cycles and ecosystem processes (e.g., photosynthesis; Fridman et al., 2017), thus ensuring that there is always a population that is most suited to use the available resources, even as resource abundance fluctuates.
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FIGURE 2. Bacteria-phage coevolution. Different clades of a bacteria populations coevolving with phages in a given ecotype (A), challenged by environmental factors, can diverge and form new ecotypes (B). This process can be modulated either by antagonistic or by mutualistic interactions. Increased predation pressure may induce the escape and radiate process in some clades, while other clades may benefit from phage-mediated HGT. Different ecotypes are represented by different background colors in (A,B). More specifically (C), considering an intra-population scale, the bacteria clade and their phages diversify in a constant-diversity mode of selection (i.e., fluctuating selection). Phage predation selects against the most common phenotype. Upon high selective pressure imposed by phage predation, the host clade can increase evolvability rates and increase its chance to evolve to a new ecotype, e.g., ecological speciation by the escape and radiate process. Mutualistic interactions (i.e., transduction, lysogeny, and phage domestication) mediated by phage transition within clades or by immigrant phages (from different ecotypes), carrying advantageous niche-specific genes, contribute to ecological speciation.



The blurred distinction between the two kinds of ecological interactions suggests that phages are conditionally helpful parasites (i.e., parasites that are beneficial to their host in specific environments but have a negative impact in others; see (Fellous and Salvaudon, 2009)). From this perspective, phages can be seen as bacterial symbionts (the bacterial bona fide symbionts; Koonin, 2011). For the sake of clarity, the coexistence of bacteria and phages, along a continuum, at the ecotype scale (Figure 2), may be seen as a holobiont. The term holobiont is generally used for describing the host and its associated microbes (Soucy et al., 2015). It is worth noting that here, the host (i.e., bacteria ecotype) and its symbiont (i.e., the interacting phages) are more tightly connected since phages can be genetic symbionts. So that the (a) genetic hybridization between the symbiont and host is possible, and (b) the changes that arise from genetic hybridization are passed on to future generations. Then the holobiont formed by bacteria and their phages is the vehicle of evolution, able to diversify and to accommodate environmental changes by ecological speciation (Figure 3).
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FIGURE 3. A symbio-centric framework for bacterial ecological speciation in the light of interactions with phages. There are two main phases of evolution: (1) Variation generation; (2) Selection acting on variation. Phage predation acts directly on the selection part and indirectly on the variation part, whereas phage-mediated HGT (as a consequence of transduction, lysogeny, and phage domestication) increases variation directly and indirectly affects selection. These interactions then may facilitate ecological speciation, when niche carrying capacity is not sufficient enough to maintain a given population. This framework outlines the importance of considering bacteria and their phages as an evolutionary unit.



Bacterial genomes show signs of phage-derived interactions; these genomically-fossilized records of bacteria-phage interactions can add up to 30% of a bacterial genome (Obeng et al., 2016). Experiments to remove these prophage-like sequences revealed remarkable changes in host physiological traits (Zeng et al., 2016; Argov et al., 2017; De Smet et al., 2017). These records of interactions between the genomic parasite and its host may encode valuable ecological information (see Box 3). For instance, Vale et al. (2017) have identified a robust phylogeographic pattern in genomic sequences associated with prophages from Helicobacter pylori. According to the authors, four distinct clusters were found: one African, one Asian and two European prophage populations. Therefore, observations of such underlying patterns may be facilitated considering the perspective of a symbio-centric ecological speciation framework.


Box 3. How the “genomically-fossilized” records of bacteria-phage interactions may contribute to a better comprehension of bacterial ecological speciation?

This is one important question for guiding future research. Here we briefly explore the topic by bringing into this context the Enterobacter cloacae complex. These are ubiquitous bacteria considered a threat to human and plant health (Chavda et al., 2016). This complex clusterizes into 18 phylogenomic groups. However these clusters are not informative with respect to the different ecological patterns of these strains. That is, members from the same phylogenetic group can be found in both human and plant microbiomes (Chavda et al., 2016).

We have analyzed the genomic signs of bacteria-phage interactions in two Enterobacter genomes from the same phylogenomic group (Hoffman cluster V) (Chavda et al., 2016), which are closely related by their shared geographic location (U.S.A.); one was isolated from a human microbiome (Chavda et al., 2016) (JVAG00000000) and the other from the rhizosphere (Humann et al., 2011) (CP002886.1). Both are described as pathogenic bacteria. We then identified important differences between them, by comparing the prophage sequences annotated using PHASTER (e < 10−4) (Arndt et al., 2016). Two prophage regions were annotated in the genome of the human microbiome isolate. They are identified as bacteriophages 186 (NC_001317) and mEp237 (NC_019704). The plant Enterobacter genome was also found to encode bacteriophages 186 and mEp237. Besides that, this genome also encodes two other prophage regions. One was identified as PsP3 phage (NC_005340), and the other as phage phiARI0923 (NC_030946).

A previous report found PsP3 phages to be abundant in the rhizosphere (~104 pfu g−1 soil) (Campbell et al., 1995). In that study this phage was reported to have a broad host range infecting several rhizosphere Pseudomonas species (P. aeruginosa, P. fluorescens, P. putida and P. chlororaphis, P. stutzeri, and P. spp.) (Campbell et al., 1995). Phage phiARI0923 has been characterized as a Streptococcus phage. For this phage we found no previous information about its presence in the rhizosphere. Streptococcus is considered a human pathogen and can also be found in the rhizosphere (Zarraonaindia et al., 2015). It is therefore tempting to propose the hypothesis that these two prophages (PsP3 and phiARI0923) are playing important roles in rhizosphere niche bacterial colonization.

Whatever the origins of these Enterobacter strains, plant, or human, from the point of view of an invader the alien bacteria must be able to exchange genetic material with the native microbiome (Mallon et al., 2015). Perhaps interactions with native phages may facilitate this process, especially if one considers the importance of phage-mediated HGT and the high rates of HGT that are likely to be more frequent (25-fold) between members of same microbiome than between members from different microbiomes (Soucy et al., 2015). For the case exemplified here, although the analysis was able to identify the phages taxonomically, the prophage genome showed a “mosaic-like” pattern. Their coding sequences (CDSs), in each one of the prophage regions that were detected, were highly similar with CDSs of phages infecting different Gammaproteobacteria genera (e.g., Pseudomonas, Salmonella, and Enterobacter). Phage-bacteria interactions are likely to occur within the context of host specificity (Popa et al., 2017), but broad host range interactions have been reported in certain conditions (Jensen et al., 1998; Beumer and Robinson, 2005; Koskella and Brockhurst, 2014).

With this simple example we sought to illustrate how future research studying phage records in bacterial genomes may contribute to a better comprehension of bacterial ecological speciation. In this case, these preliminary findings may suggest that different genomes within the same phylogenomic cluster, but with different ecological features, may exhibit different “phage footprints.”



From the point of view of phage evolution, such framework is equally required. The origin of viruses is still obscure (Nasir and Caetano-Anollés, 2015). So far, no common ancestor has been found. Recent findings on virus phylogenomics posit that capsid genes may encode sufficient signal for reconstructing the evolutionary divergences between different phage families (Comeau and Krisch, 2008; Laanto et al., 2017). Interestingly, capsid genes might have evolved from cellular organisms (Krupovic and Koonin, 2017), reinforcing the relevance of a symbio-centric framework.

CONCLUSION

As stated previously the bacterial species problem is a complex issue that is consistently being re-evaluated considering new experimental data types and evolutionary theories. A core component of the bacterial species problem and microbial ecology is the question of how bacteria diversify and form distinct ecologically coherent clades (Philippot et al., 2010). The evolutionary mechanisms underlying this process are still poorly understood. The discussion presented here emphasizes that the ecology and evolution of bacteria cannot be fully conceptualized without considering the role of phages. A better comprehension about bacterial ecological speciation may be achieved by considering bacteria and their phages as a single unit of selection (Figure 3). This perspective opens a new avenue for further research. Future experiments addressing the symbio-centric ecological speciation framework may accelerate our understanding of the mechanisms underlying microbial evolutionary processes.

The underestimation of the role that viruses play in driving biological diversification extends beyond the microbial sphere. Roossinck (2015) has discussed the importance of viruses as microbial symbionts for all kinds of life. There are plants that owe the successful colonization of geothermal soils (>50°C) to endophytic fungi infected with viruses. There are insects (endoparasitoid braconid wasps) which rely on viruses for genes that suppress the host immune system, so their eggs deposited inside the host body can develop. Even mammalian evolution has been affected by interactions with viruses: a fundamental protein for placental biology may have been domesticated from a virus (Mi et al., 2000). Viral-like sequences are found in the genomes of every organism. Arguably the comparative simplicity of microbial populations is a model system for analyzing the contribution and importance of host-virus interactions for ecological speciation.
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GLOSSARY

Microbial population: genetically coherent microbial groups. One microbial population may harbor different subgroups that can be distinguished according to their ecotypes.

Ecological speciation: is the origin of a new microbial group (i.e., ecotype) by niche adaptation.

Ecotype: a genetically coherent microbial group within a given population that differ from other subgroups by niche adaptation.

Traditional ecological speciation framework: proposes that an ecotype is maintained by periodic selection events, which select for the most adapted genotype. The adapted genotype outcompete other genotypes and this causes a diversity-purging process in which genetic variability within the local population is periodically reset by environmental changes. The formation of a new ecotype depends on the acquisition of advantageous trait that allows colonization of a new niche. But to form a stable ecotype, the adapted subgroup needs to be no longer subject to the same periodic selection and cohesive forces. Otherwise it will outcompete or be outcompeted by the other subgroups.

Directional selection: selection of one particular genetic variation within a population. Directional evolutionary change erodes the genetic variation over time.

Fluctuating selection: when natural selection varies in the intensity, direction, or target among generations. Natural selection driven by parasites is considered strong ecological drivers of fluctuating selection. Parasites mediate frequency-dependent selection. Parasites become adapted to the most frequent genotypes of a local host population. This mechanism of interaction can be named as negative-frequency dependent selection, because the more common a host is the less fit it becomes (Thompson, 2013).

Niche-specific traits: evolved feature(s) required for colonization of a particular niche.

Clades: a group of microbes that share some genetic coherence. The genetic coherence of a clade requires often a definition. For example, it can be a Firmicutes clade or one particular clade within an ecotype.

Axenic: observation based on culture-dependent experiment where only one single species is present.

Symbio-centric ecological speciation: ecological speciation influenced by symbiotic interactions.

Unit of selection: elementary biological unit mostly subjected to natural selection. Defining an appropriate unit of selection enables more precisely measurements of evolutionary rates and ecological processes.
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