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According to a traditional view, the specific diet in vertebrates is one of the key factors structuring the composition of the gut microbiota. In this interpretation, the microbiota assumes a subordinate position, where the larger host shapes, through evolution and its fitness, the taxonomical composition of the hosted microbiota. The present contribution shows how the evolution of herbivory, framed within the new concept of holobiont, the possibility of inter-kingdom crosstalk and its epigenetic effects, could pave the way to a completely reversed interpretation: instead of being passively shaped, the microbiota can mold and shape the general host body structure to increase its fitness. Central elements to consider in this context are the inter-kingdom crosstalk, the possibility of transporting RNAs through nanovesicles in feces from parents to offspring, and the activation of epigenetic processes passed on vertically from generation to generation. The new hypothesis is that the gut microbiota could play a great role in the macroevolutionary dynamics of herbivorous vertebrates, causing directly through host-microbiota dialog of epigenetic nature (i.e., methylation, histone acetylation, etc.), major changes in the organisms phenotype. The vertical exchange of the same microbial communities from parents to offspring, the interaction of these microbes with fairly uniform genotypes, and the socially restricted groups where these processes take place, could all explain the reasons why herbivory has appeared several time (and independently) during the evolution of vertebrates. The new interpretation could also represent a key factor in understanding the convergent evolution of analogous body structures in very distant lineages.
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“Young man says ‘you are what you eat’ - eat well”

(Dancing With The Moonlit Knight, Selling England by the Pound, Genesis, 1973)

INTRODUCTION

For a long time, microbes associated with eukaryotic organisms were considered in a reductionist way as negative factors able to cause serious disease. Therefore, until relatively recent times, research on microbes was focused on the understanding of disease, in order to cure or better prevent it (Dethlefsen et al., 2007). However, in recent decades this purely antagonistic vision between host and microbes has been totally revolutionized. Just considering Homo sapiens, up to 100 trillion microbes colonize the adult (Ley et al., 2008), and the microbial communities associated exhibit a genome with about one hundred times more genes than the human one (Borer et al., 2013). This massive presence of microbiota is not at all passive, but intimately related to biological processes also crucial for host general fitness.

Several studies have clearly shown that the symbiotic relationship with bacterial communities not only increases the overall fitness of the organism, but in several cases are strictly necessary for the survival of the host itself. Gut microbiota are able to extract nutrients useful to the host but otherwise not usable; symbiotic microbes are beneficial to the host’s protection preventing the invasion by pathogens through active stimulation of the immune system, and can promote the differentiation of tissues (Costello et al., 2012). According to some studies, the whole vertebrate adaptive immune system evolved precisely in relation to an increasingly complex symbiosis with microbial communities (Wang et al., 2015). In humans, the alteration of associated microbial communities (i.e., dysbiosis) may cause several clinical disorders, among which are inflammatory diseases, malnutrition, obesity (Costello et al., 2012), diabetes (Wen et al., 2008), and coronary heart diseases (Fava et al., 2006).

According to some pioneering studies (e.g., Troyer, 1984; Lombardo, 2008), the need to horizontally transmit microbial communities ultimately lead to the evolution of sociality among vertebrates; in this context, a progressive development of kin association increases the opportunities of a complete exchange of mutualistic microbes among members of the same restricted group. Subsequent studies have fully demonstrated that the emergence of social activities, in small and circumscribed groups, plays a key role in the structuring and consolidation of shared communities of microbes (e.g., Gilbert, 2015). The bacteria, in addition, have an important role in the generation of specific odor, important for kin recognition and thus for the detection of complex social relationships (Archie and Theis, 2011).

Recently it has been shown that an interaction with microbes may have important influences also in animal development (e.g., Pradeu, 2011), a series of processes typically considered as autonomous, entirely programmed and directed by the sole genome (McFall-Ngai et al., 2013).

In the last decades, thanks to advances in molecular biology and the development of new methodologies (e.g., next-generation sequencing technologies), the taxonomic richness of gut microbiota has been studied in detail, not just in humans but also in several group of vertebrates, from iguanas (e.g., Lankau et al., 2012) to bat families (Phillips et al., 2012) just to mention two cases.

Such constantly increasing studies represent a new critical mass of key information about the intimate microbiota-host relationship along a broad range of animal and plant groups, with possible repercussions in the field of coevolution and macroevolution. Below are discussed the new elements derived by this new mass of data and evidence.

HOST–MICROBES COEVOLUTION AND THE CONCEPTS OF HOLOBIONT AND HOLOGENOMA

Coevolution between mammals and their indigenous microbial communities has been extensively explored by Ley et al. (2008), based on fecal microbiota of 60 mammalian species including humans. The bacterial diversity is influenced by the diet and phylogenetic position of the host, identifying an increase in diversity (number of taxa) from carnivory to omnivory to herbivory (Ley et al., 2008). Therefore, the non-random association between taxonomic composition in the community of microbes and the type of diet seems very strong evidence in support of a coevolution between host and gut microbiota.

Muegge et al. (2011) show how diet can be a strong driving factor at a large taxonomic scale, demonstrating a clear convergence in the composition of gut microbiota in mammals with the same specific feeding habit. This convergence is confirmed empirically by Delsuc et al. (2014) in myrmecophagous mammals that diverged some 100 million years ago.

Coevolution for millions of years between host and internal microbiota may be considered to represent a new paradigm in molecular biology (e.g., Yeoman et al., 2011; Keenan and Elsey, 2015), proposed and supported specifically for humans (e.g., Muegge et al., 2011), alligators (Keenan and Elsey, 2015), mammals in general (Muegge et al., 2011; McFall-Ngai et al., 2013) and birds (McFall-Ngai et al., 2013). In mammals and birds, the enteric bacteria are characterized by growth optima at ∼40°C, very likely an example of co-evolution with the development of endothermy typical of these animal groups.

Beneficial microbes over the course of time evolved the ability to manipulate different processes in the host, going ultimately to increase their own fitness by increasing the host fitness (Ayres, 2016), an almost didactic example of mutualism, developed in the framework of co-evolution over millions of years. In this context, the importance for the diet of the host-associated microbes was highlighted and stressed up to consider the mutualistic microbiota as an integral part of the phenotype (McFall-Ngai et al., 2013).

Several terms have been proposed in the literature to indicate such ‘indissoluble’ connection between microbial communities and their host: “superorganisms” (e.g., Muegge et al., 2011), “metaorganism” (e.g., Bosch and McFall-Ngai, 2011), “organ system” (e.g., Brown and Hazen, 2015), “metagenome” (e.g., Ley et al., 2008; however, terms considered not totally correct by Bordenstein and Theis, 2015).

This increasing awareness of the close microbe-host connection resulted in the fundamental concepts of ‘holobionts’ and ‘hologenome.’ Bordenstein and Theis (2015) consider animals and plants no longer as perfectly autonomous entities: organisms must be considered as a complex biomolecular network, composed of microbes and the host. This new entity is called the ‘holobiont’ (originally introduced by the ‘visionary’ Lynn Margulis), whereas the whole of host genotypes and microbial communities is defined as ‘hologenome’ (plants and animals are thus considered polygenomic entities). Current biological theories and evolutionary models not taking into account the concepts of holobiont and hologenome, must necessarily be considered as incomplete (Bordenstein and Theis, 2015).

On the evolutionary level, the next great interpretive step was to consider the holobiont as a ‘unit of selection’ in evolutionary processes, starting from the pionieristic intuition by Rosenberg et al. (2009) within the framework of the ‘hologenome theory of evolution.’ The microbial symbionts have a direct effect on holobiont fitness, thus affecting the adaptation, and, therefore, the evolution of higher organisms. According to Rosenberg et al. (2009), in the conditions of rapid shift in environmental parameters, equally rapid changes in the diverse microbial symbiont can lead to a differential survival of the holobiont (with rapid change times unthinkable only on the basis of classic host genome). The fact that the genetic variation occurring in the genomes of both microbial symbiont and host can be vertically passed to the offspring (Bosch and McFall-Ngai, 2011), gives an idea of the importance of this new concept of holobiont as unit of selection in evolutionary studies.

To this already complex framework, a number of key processes must be added, with major repercussions in the epigenetic field: the lateral exchange of genes within the microbiota and between the microbiota and host (i.e., inter-kingdom crosstalk).

HORIZONTAL GENE TRANSFER AND INTER-KINGDOM CROSSTALK

Lateral exchanges of genes must be considered a central process in the evolution of microbial genome (Ley et al., 2006). The Horizontal Gene Transfer (HGT) is in fact interpreted by Yeoman et al. (2011) as a real “hallmark of microbial communities,” able to drive the microbial evolution (and ecology). An inter-kingdom crosstalk has been shown between humans and bacteria in several studies focusing on the importance of microRNAs. Weiberg et al. (2015) discussed different examples about the important role of sRNAs and RNAi in the communication between eukaryotic and host; the authors show how mobile silencing signals (e.g., sRNAs) can be transferred between host and microorganism in both directions. The circulating exosomal miRNAs can be internalized in recipient cells and then work directly as gene expression regulators (Weiberg et al., 2015). Thus, beyond the classic vertical transfer of genetic information, the HGT by small RNAs (approximately 19–25 nucleotides in length) seems to be a very common process in nature. Such mobile signals can move across kingdoms carrying and spreading silencing information in respect of specific target genes (Han and Luan, 2015). HGT can lead to genetic novelties in the target organisms, and cause phenotypic variation able to allow an access to new trophic resources, and to have improved fitness in shifting environments (Yue et al., 2012).

Crisp et al. (2015) reached the conclusion that HGT “occurred, and continues to occur, on a previously unsuspected scale in metazoans and is likely to have contributed to biochemical diversification during animal evolution.” The number of works in the literature on HGT between kingdoms is constantly growing, with exchanges from plants to viruses or animals, bacteria and mammals and many others (e.g., Crisp et al., 2015; Han and Luan, 2015).

Recently Celluzzi and Masotti (2016) presented the interesting perspective that in humans the “other genome” can control our epi-genome, by means of RNAs and other molecules contained in extracellular nanovesicles (produced both by prokaryotes and eukaryotes). Starting from the recent contribution by Celluzzi and Masotti (2016) and Liu et al. (2016) illustrate how the bacteria may interact and alter human epigenome via sRNAs contained within outer membrane vesicles. Intestinal epithelial cells produce microRNAs able to modulate gene expression post-transcriptionally, and to influence the gut microbiota (Liu et al., 2016). The authors demonstrated how extracellular vesicles (EVs) containing microRNAs are present and maintained in fecal samples (Liu et al., 2016). It follows that these vesicles containing ‘information’ (and able to trigger epigenetic changes) can be passed from parents to offspring in species where coprophagy is necessary for the establishment of the gut microbial communities; this process characterizes a large portion of herbivorous animals.

From a macroevolutionary point of view, the central factor to investigate is how the more frequently recognized inter-kingdom communication can have a direct influence on phenotypes subjected to natural selection. The case study of herbivory can be taken as an example of the potential impact of small RNAs transported through nanovesicles in macroevolutionary field.

HERBIVORY AND FUNDAMENTAL IMPORTANCE OF MICROBIAL GUT COMMUNITY

Herbivory represents a special case study in understanding the microbiota communities and the interactions with their host. In fact, in the majority of herbivorous organisms, bacterial populations in the gut are strictly necessary to allow the digestion of celluloses and hemicelluloses (e.g., Hong et al., 2011): i.e., to hydrolyze and ferment plant polymers, which would otherwise be totally indigestible to the host (Lombardo, 2008). Vice versa, the host represents the optimal conditions of pH, temperature and moisture for the growth of the microbial population, and provides end-products removal and substrate (Mackie et al., 2004).

The fact that this mutualistic association worked perfectly during vertebrate evolutionary history, possibly leading to a coevolution between microbiota and host, can be inferred indirectly by the numerous independent appearances (on a phylogenetic level) of the herbivorous diet in all vertebrate groups, from reptiles, to birds and mammals. The evolutionary success of this diet is represented simply by the fact that the 80% of extant mammals are herbivores (Ley et al., 2008).

Besides analyzing the current distribution of herbivorous taxa, probably more crucial for a macroevolutionary perspective is the ‘vertical’ study (i.e., phylogenetic) of the appearance of herbivory in vertebrates during the course of geological time.

An instructive example is represented by the evolutionary history of diets in basal tetrapods at the non-amniote-amniote transition: a period between Late Carboniferous and Early Permian when complex continental ecosystems appeared for the first time on the emerged lands (Pearson et al., 2013; Brocklehurst et al., 2015). Ecosystems reached a ‘modern type’ balanced structure only during the Late Permian, with a high number of herbivorous organisms supporting a smaller number of carnivores (e.g., Hotton et al., 1997). From the Late Carboniferous to Early Permian an herbivorous diet has been inferred for Diadectidae among Diadectomorpha, for Captorhinidae within Permian reptiles, and for Edaphosauridae and Caseidae among Permo-Carboniferous synapsids (Olson, 1968; Reisz, 1986, 2005; Modesto, 1995; Hotton et al., 1997; Reisz and Sues, 2000; Berman et al., 2004; Romano and Nicosia, 2014, 2015; Brocklehurst, 2016; Brocklehurst and Brink, 2017; Romano, 2017). Thus, as early as the Late Paleozoic, obligatory herbivory appeared independently at least four times (Figure 1). In addition, just limiting the study to the Permian period, a completely herbivore diet has independently evolved in the Bolosauridae (Reptilia), Pareiasauria (Parareptilia), and among Dinocephalia and Anomodontia within the Therapsida (Reisz and Sues, 2000).
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FIGURE 1. Simplified cladogram of basal amniotes and their closest relatives. The green branches indicate that herbivory evolved at least four times independently during the Late Paleozoic, having been recognized within Diadectidae, Captorhinidae, Caseidae, and Edaphosauridae (simplified from Reisz and Sues, 2000, p. 36, Figure 2.12).



Is there a possible relationship between the gut microbiota and symbiotic convergent evolution of herbivory as early as the first formation of structured ecosystems in the Late Paleozoic? How far can the macroevolutionary influence of symbiotic microbes be extended?

THE MICROBIOTA AS A POSSIBLE ACCELERATED TRIGGER OF EPIGENETIC AND DIRECTIONAL ACQUISITION OF PHENOTYPIC TRAITS

A traditional and widely accepted view is that the specific diet developed in vertebrates is one of the key factors structuring the composition of the gut microbiota (e.g., Ley et al., 2008). Thus, the microbiota assumes a subordinate position: an asymmetrical relationship where the larger host shapes, through evolution and its fitness, the taxonomical content of the hosted microbiota. However, the concept of holobiont, the special case of herbivory, the possibility of inter-kingdom crosstalk and its epigenetic effects, could pave the way to a completely reversed interpretation. In a deliberately provocative way, the question could be as follows: instead of being passively shaped, can the microbiota mold and shape the general host body structure to increase its fitness, possibly in the framework of the selfish gene concept?

In the mutual relationship between the microbiota and the host, natural selection can work to increase the fitness in both directions. However, what is the additional aspect that may drop from the typical evolutionary scheme identified in the new evolutionary synthesis? Surely the inter-kingdom crosstalk and the possibility of transporting RNAs through nanovesicles in feces from parents to offspring, and the activation of epigenetic processes passed on vertically from generation to generation. The processes and elements to be considered are as follows: (1) in herbivorous taxa, gut symbiotic bacteria are essential for breakdown of cellulose and acquisition of nutrients. (2) The need to acquire a proper gut microbiota community has probably led to the evolution of social behavior, which increases the potential for bacterial exchange between parents and offspring and among members of the same narrow social group. (3) In several cases, the communities of bacteria are acquired through ingestion of feces from parents or individuals of the same group. (4) The RNAs contained in nanovesicles are recovered in feces and, through coprophagy, could be passed on to subsequent generations. Once established in the host, microbiota can interact with and alter the host epigenome. The host-microbiota’s dialog, through the mediation of membrane vesicles, can then be passed from parents to offspring, with vertical transmission to subsequent generations. (5) Epigenetic changes might affect the phenotype of the host themselves, with differential development of several organs; for example, the development of very long and massive gut could be stimulated by the host-microbiota dialog, to increase the fitness of the microbes itself (and so consequently that of the host). (6) The genetic variation in the microbiome are orders of magnitude faster than those accumulated in the host genome; evolution finally acts on genetic variation then the changes of microbial origin in the hologenome may be preferred targets for evolution (Bordenstein and Theis, 2015). (7) As mentioned above, the communities of bacteria may have favored the evolution of social behavior. This leads to the structuring of small groups, with a total group (i.e., a ‘core’) genome necessarily more uniform; this should favor the host-microbiota dialog, since the microbiota, passed from parent to offspring, would find a very similar if not superimposable genome to interact with. (8) In small groups of conspecific vertebrates the ‘founder effect’ may be important; the genome is less diluted, and then generation after generation a greater chance of occurrence and fixing of particulates phenotypic traits is expected. Over time, these processes are expected to lead to even greater changes in the general structure of vertebrates. (9) The hologenome theory involves both Darwinism and Lamarckism aspects; the holobiont, in fact, with respect to the concept of evolution in an organism through selection of random mutations, can evolve through adaptive processes (Rosenberg et al., 2009). With respect to individual organisms, thus, the holobiont can evolve through an inheritance of acquired characteristics (Rosenberg et al., 2009).

Within the framework of these elements and processes, the ‘bold’ hypothesis is that the gut microbiota may have (at least in the early stages of transition to a new trophic niche) greater influence in the macroevolutionary dynamics of herbivorous vertebrates, causing directly through host-microbiota dialog of epigenetic nature (i.e., methylation, histone acetylation, etc.), even major changes in the phenotype of the organisms; the driving effect of the process would surely be a direct positive feedback on the fitness of the microbes themselves. The vertical exchange of the same microbial communities from parents to offspring (which guarantees the transgenerational stability in the composition of microbes as number and taxonomic diversity), the interaction of these microbes with fairly uniform or at least compatible genotypes, the socially restricted groups where these processes take place (with greater possibilities of occurrence and affirmation of new phenotypic characters), could all perhaps explain how herbivory has appeared so many times during the evolution of vertebrates; and could also represent a key factor in understanding convergent evolution, within a relatively short time in a geological context, of analogous body structures in very distant lineages.

The possibility of a direct stimulation by bacteria of organ formation and development (such as the gut) might seem excessive and not supported by experimental data. However, Bates et al. (2006) have shown how the zebrafish gut has an unbalanced development in the absence of symbiotic microbiota, due to a stop in differentiation (causing obviously major problems in the absorption of nutrients). The development of the organ restarts if the classic symbiotic microbial community is reintroduced in the sterile organism. This clearly indicates that the gut microbiota in zebrafish plays a key role in cell homeostasis, epithelial maturation and cell-type specification during the crucial development phase (Bates et al., 2006). To this must be added the evidence from recent studies that gut bacterial content can consistently affect the host behavior. Several studies in mice and humans in fact showed how commensal bacteria contribute to brain development and function and can directly affect several complex behaviors (e.g., Collins et al., 2012; Cryan and Dinan, 2012; Hsiao et al., 2013; Tillisch et al., 2013). The emergence of herbivory from a fully carnivorous or omnivorous ancestor must also cover an initial and progressive ‘dislike’ of meat by animals that were otherwise able to obtain energy from this kind of food. Thus, considering the studies cited above, a direct connection and feedback cannot be ruled out between the specific microbiota assortment, the food chosen and taken up (a factor that can be considered in the context of the behavior), the stabilization of a “pro-herbivory” microbiota and its shared metabolome with the host, and again the host behavior influenced by the “herbivore” microbiota.

The hypothesis proposed here, exciting in some ways, but too little explored and very speculative, should be analyzed in-depth, especially on wild animal communities. Many key studies about epigenetics, microbiota composition and inter-kingdom crosstalk have always focused on humans. However, the human species could represent the least suitable case study for this type of purpose, considering that cultural, social and pharmacological aspects can greatly affect the composition of the associated microbiota. Just think of the massive use of artificial antibiotic treatments that undermine or disrupt the microbial composition, a clear ‘technological’ autapomorphy of Homo sapiens; to this we must add the chance to travel all over the world and the close contact situations between numerous individuals, such as travel in public transport, big concerts and other large social agglomerations; all elements that should lead to a massive homologation in the content of the microbiota with respect to small family groups of animals often isolated in nature.

The perspective presented in this short contribution would once again lead to the forefront a revival of the much ‘demonized’ Lamarckism and the importance of epigenetics in the evolutionary field. The debate on how to integrate the new discoveries in the field of epigenetics with the classic modern synthesis is still ongoing. According to some authors, the new findings may be totally framed within current evolutionary synthesis (Laland et al., 2014); according to others the new data and evidence strictly require a new set of paradigms and assumptions (e.g., McFall-Ngai et al., 2013; Bordenstein and Theis, 2015). In particular Bordenstein and Theis (2015) speak evocatively of a classic “eukaryocentricism and nucleocentrism,” which overlooks the possible central role of microbiology in the evolutionary field, whereas Goldenfeld and Woese (2007) use the expression “molecular reductionism,” for the classical approach dominating the biological field of the twentieth-century.

In light of new discoveries and advancements, probably a new synthesis of evolution based on holobiont and hologenome is strictly necessary and advisable (a “postmodern synthesis” in the words of Bordenstein and Theis, 2015). Essentially, this would be a theory or set of theories able to integrate the classical accepted principles by Darwin, Mendel, the modern synthesis, epigenesis and inter-kingdom crosstalk, including also a substantial rethinking of the Biological Species Concept.
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