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It’s catching: the hologenomic bug 

Traditionally, scientists have viewed eukaryotic organisms as autonomous entities, defined by their nuclear genome.  Up to now, an individual’s sequence of DNA was viewed as the supreme code, stipulating phenotype and determining disease profiles.  The advent of genotypic profiling has been demonstrably useful in both uncovering information about Homo sapiens evolution and allowing us to identify genotypes behind disease profiles (McFall-Ngai et al., 2013).  It is now clear, however, that in focusing wholly on the nuclear genome we have excluded another very important aspect of human disease and force of evolution, the hologenome. 

In their ancient past, eukaryote’s predecessors acquired mitochondrial organelles via a mutually advantageous endosymbiosis with bacteria, resulting in a eukaryote cell that carried DNA of both bacterial and archaeal origin (Ettema, 2016). After this first endosymbiotic event, the cells that would eventually result in human life continued to evolve and thrive in symbiosis with miniscule organisms.  This association has never been broken, and out internal microbes not only outnumber the amount of somatic cells that make up the human body, in orders of magnitude, but they also outnumber any other organism on earth in terms of sheer population numbers (Singh et al., 2013, Donia & Fischbach, 2015, Knights et al. 2011, Brucker & Bordenstein, 2013).  These vast collections of bacteria, eukarya, viruses, protists, and fungi are housed under the broader term of ‘microbiota’ or ‘the microbiome’ (Lederberg, McCray, 2001, Mustata and Mustata, 2014).  The microbes live in huge communities within their host, in what is called a symbiosis, or the ‘living together of separate species’ (Goff, 1982).  It seems only reasonable, given the collective sheer magnitude, ubiquity and diversity of these micro-organisms residing within the human body, that we devote proper analysis to their influence.  

Up until now, the autonomous view of mankind has prevailed, namely that humans are entities with a phenotype defined by their nuclear genome.  Darwinian and Mendelian theories, as well as those of the modern synthesis, now need to be assimilated with hologenomic principles that consider the interaction of microbes (Bordenstein & Theis 2015).  Hologenomic theory was originally described by Zilber-Rosenburg & Rosenburg in 2008, as an evolutionary concept centred around the definition of an organism as a sum of both its nuclear and microbial genome, forming what is called ‘the holobiont’ (Zilber-Rosenberg and Rosenberg, 2008, Van Leuven, et al., 2014, Bordenstein & Theis 2015).

The principles behind hologenomic theory are comprised of four assumptions: 1) symbiotic relationships between host and microbe are ubiquitous among all species of organism, 2) symbiotic microbes are transmitted vertically to offspring, 3) these symbiosis’s affect fitness of the holobiont, and 4) the holobiont phenotype is characterised by both the nuclear and microbial genome (Zilber-Rosenberg and Rosenberg, 2008).  

This essay will show how notions of human phenotype and theories of evolution have been impacted by the conception of the hologenomic theory.  It will also examine how both medical practice and modern scientific pursuit will be revitalised by its principles. It is important to prove that the holobiont does not obviate any basic tenets of traditional theory. Instead, it brings new queries to the forefront and enables assimilation of aspects of Darwinism, Mendelian inheritance and the modern synthesis, with that of the human relationship with their microbiome (Bordenstein & Theis 2015).  This discussion will be followed by an examination of human phenotype changes mediated by microbiota, as well as the role of the microbiome in the evolution of Homo sapiens. After acquiring this knowledge that the holistic view of the human ‘holobiont’ provides, I will put forward some examples of our ability to steer our own contemporary evolution through medical practice.  

Hologenomic theory: integrating into the traditional
Hologenomic theory will induce a new integration and assimilation of microbial relationships into many of the principles that biology holds dear, especially those of Darwinian natural selection, Mendelian inheritance and the variation in modern synthesis.  For example, Darwin’s theory designated the nuclear genome as the target of natural selection.  This will have to expand to include the microbial genome as a consideration with fitness consequences in natural selection.  This selection, as well as resulting in nuclear inheritance through Mendelian mechanisms, also needs to include non-Mendelian transmission of the microbial genome.  The modern synthesis that united Darwinism and Mendelian theories will also have to include the microbiome as a source as variation, in addition to the nuclear genome (Bordenstein and Theis, 2015).  All three of these theories were envisioned in times of eukaryocentricism and nucleocentrisicm where very little consideration was devoted to microbiology, due to both a lack of perspective and the appropriate technology to investigate the microbial world (Bordenstein and Theis, 2015).  With the advent of hologenomic theory these three philosophies will undergo the amalgamation of their principles in combination with those pertaining to the microbiome.  

This essay will discuss how hologenomic thought adds onto these traditional theories by introducing the importance of microbial consideration.  This will occur first through discussion of mechanisms of non-Mendelian inheritance of microbes and then through an analysis of how phenotype is influenced by our microbiomes.  The microbe mediated evolution behind hologenomic theory is discussed, using the same mechanisms of Darwinian natural selection, with influences from Lamarckian thought (Bordenstein and Theis, 2015).  This essay will demonstrate that hologenomic evolution does not eclipse or invalidate the traditional biological theories, but instead enhances the principles that they rest on with the inclusion of microbiomes and the influence that they too exert (Bordenstein and Theis, 2015). 

 The hologenomic premise as an ‘evolutionary theory’ rests on its heritability, detailed in clause 2 of Zilber-Rosenberg and Rosenbergs description (Zilber-Rosenberg and Rosenberg, 2008).  For this a mechanism of the transmission of microbiota to successive generations is required, as the heritability of the nuclear genome is already well established.   An individual’s microbiota, the inheritability of which will be discussed, is susceptible to profound alterations during the hosts lifetime in response to host behaviours such as medications, diet, exercise, and levels of stress (Coburn and Guttman, 2015, Soen et al., 2015).  Hologenomic theory suggests that these microbial changes result in altered phenotypes that might ultimately be assimilated into the genome and will be inherited by further generations (West-Eberhard, 2005, Waddington, 1953). This suggests that acquired characteristics or microbes could feasibly then be passed on to a host’s offspring, a mechanism that is similar to that posited previously by Lamarck (Rosenberg et al., 2010).  Lamarckian theory asserted the development of advantageous attributes during the individual’s lifetime, the characteristics of which could then be inherited by offspring (Rosenberg et al., 2010).  

The consideration of such an intersect between Lamarckism and modern Darwinian theory needs to be properly analysed by exploring microbial inheritability and transmission.  Microbes need to be inheritable for the phenotypic influence they impart to be passed onto any host offspring (Bordenstein and Theis 2015). While in insects and plants, precise and effective methods of vertical transmission have been demonstrated, in humans, such mechanisms for microbial heritance are less clear (Rosenberg et al., 2010).  Studies have suggested that an assimilation of the initial microbiome occurs prenatally, a finding that goes against the previously assumed vertebrate ‘sterile womb’ theory (Perez-Muñoz et al., 2017, Funkhouser and Bordenstein, 2013, McFall-Ngai et al., 2013).  A human baby’s first postpartum bowel movement contains populations of microbes, suggesting that maternal inheritance of microbiota occurs at least twenty-four hours before birth (Jiménez et al., 2008). The genetic labelling of mice has also shown that maternal bacteria can be passed on to offspring whilst in the uterus, as the tagged maternal microbes were located in the first meconium of the babies after the offspring had been delivered by caesarean section (Jiménez et al., 2008).  These two studies provide strong evidence for maternal microbial transmission in mammals (Perez-Muñoz et al., 2017, Jiménez et al., 2008, Funkhouser and Bordenstein, 2013).  

In addition to prenatal transmission, it is known that that the most significant vertical transmission of microbes occurs uni-parentally during the baby’s passage through the mother’s birth canal (Gilbert et al., 2015, Funkhouser and Bordenstein, 2013). Studies have shown that those babies delivered by Caesarean birth have significantly lower microbe diversity and delayed colonisation of normal infant microbiota (Makino et al., 2013).  Not to be forgotten are more external modes of transmission, such as close personal contact with family members after birth or the transferal of organisms through the breast milk (Gilbert et al., 2015, Funkhouser and Bordenstein, 2013).  

Although very little research has been done on the foetal microbiome transmission due to the ethics surrounding experimentation on human embryos, evidence has suggested vertical transmission is plausible, therefore confirming non-genetic, non Mendelian inheritance of microbes (Jiménez et al., 2008, Funkhouser and Bordenstein, 2013, Soen et. al., 2015).  

Confirmation of the inheritance of microbes through both prenatal and postnatal mechanisms suggests that hologenomic theory could therefore promote a new ‘blending of Darwinism and Lamarkism’ in evolutionary theory (Singh, Ahmad, Musarrat, Ehtesham, & Hasnain, 2013).  The mechanism behind the acquisition of such transmissible traits or microbes in the original host has been called ‘adaptive improvisation’ (Soen et al., 2015).  Adaptive improvisation is composed of traditional Darwinian evolution with the addition of a continually adapting individual microbial evolution (Soen et al., 2015). The changes to the microbiome have been hypothesised to act as an ‘adaptive buffer’ in response to stress exerted by the environment (Soen et al., 2015).  In many cases, microbes can respond more rapidly with phenotype alterations than the host’s own somatic cells could produce (Soen et al., 2015).  If these phenotypic adaptations are advantageous to a persisting stressful external environment then this novel microbiome becomes permanent, and is inherited by subsequent generations (Soen et al., 2015).  Microbiome adaptations could be quicker, short term reactions that allow assimilation to an environment until the traditional long term Darwinian evolutionary alterations allow genotypic adaptation (Rosenberg et.al. 2010).  As the phylogeny spreads its branches, the composition and function of the microbiome will also change as the host encounters heterogeneous situations. Darwinian natural selection chooses the most advantageous ‘teams’ from both the nuclear genome and the microbial genome for that environment, leading to additions and alterations of beneficial microbes or genetic traits (Gilbert et al., 2015, Soen et al., 2015).  These changes are then passed on to successive generations.  In this way, the microbiome and the nuclear genome are combined into the holobiont, a single unit of natural selection. 

‘Holo’ itself means whole or entire, suggesting that hologenomic theory is more holistic in approach than the traditional principles (Bordenstein and Theis, 2015).  This holistic view is important as the microbiome is an internal ecosystem, and therefore exerts influence as a sum of its parts.  In disciplines, like ecology, while it is useful to decipher the complicated systems and interactions of organisms to their most basic levels, eventually unification is needed to account for the influence of the microbiome as a whole (Li, 2000).  The hologenomic view enables this, replacing what Carl Woese says is the 20th century ‘reductionist “eyes down” molecular perspective with a new and genuinely holistic, eyes-up, view of the living world’. (Woese, 2004).  

A host’s physiology, evolution or development, therefore, cannot be understood without the holistic combination of nuclear genome and microbial symbionts (Gilbert et al., 2015).  This essay, however, will separate these vital constituents to explore the differentiated roles.  First microbiota will be investigated for its influence on human phenotype.  This knowledge can be used to examine the rarely explored role of microbiota in human evolution.  The microbial and nuclear genome will then be amalgamated back into the true hologenomic form to investigate how humans can utilise this new knowledge of microbes to further develop modern medicine.


The role of microbiota in human phenotype 

While a great amount of research has been conducted on the influence of external environment on the internal microbiome, very little exists on the opposite impression: that of the microbiome on Homo sapiens phenotype.  Studies have concluded that host behaviour and environment are factors that exert great influence on the microbiome, with the capacity to alter both quantity and quality of microbiota (Phillips, 2009, David et al., 2014, Flint, 2012).  The future of microbial scientific exploration will hopefully see rapid expansion of this area as we move from ‘what is there and how can we alter it?’, to queries of ‘how are they altering us?’.  Eventually this could result in comprehensive databases of the impact of differing species and quantities of microbes on human phenotype, in combination with the influence of the nuclear genome (Donia and Fischbach, 2015).

The microbiome can drive host phenotypic change through processes related to its own microbial natural selection.  To explain, the gut microbe composition is governed by two main components: lifestyle choices such as growth and diet, and the effect of their microbial function on their host fitness (Scarpellini et al., 2008, Gilmore & Ferretti, 2003).  This latter selection component is reflected in human phenotype as the functional microbiome undergoes selection. 

Animal studies have indicated that phenotypic influences of microbial symbionts are ubiquitous in the animal kingdom (Muscatine & Porter, 1977, Dedeine et al., 2001, Rigaud et al., 2001, Mustata and Mustata, 2014, Ross et al., 2013).  It is only rational to suppose, therefore, that humans experience these same microbial phenotypic effects.  Research on organisms such as coral and insects, as well as the more closely related cows and monkeys have indicated that microbiota is integrally important in host fitness.  Such research has shown microbiomes are implicated in bodily functions as diverse as digestion, immunity, olfaction, and organ and neural development (Muscatine and Porter, 1977, Dedeine et al., 2001, Rigaud et al., 2001, Mustata and Mustata, 2014, Ross et al., 2013, Brucker and Bordenstein, 2013, Li et al., 2013). 

Faecal microbiota transplant (FMT) is a medical practice that directly demonstrates how alteration of quality and quantity of gut microbiota can alter host phenotype. Evidence for FMT’s therapeutic use in humans has been observed in the treatment of conditions as diverse as obesity (Jayasinghe et al., 2016), chronic colitis (Mattner et al., 2016), and autism (Kang et al., 2017).  

A mouse model demonstrated with FMT that combinations of microbes could be linked to the development of obesity due to their increased capacity for energy harvest.  The mice that received transplants of ‘obese’ gut bacteria experienced a significant increase in total body fat than those that received microbiota from normal or lean mice (Turnbaugh et al., 2006).  The use of similar FMT methods in treatment of obesity in humans is in its experimental phase, however initial results suggest that colonisation of preferential microbiota might be of use in management of severe human obesity and obesity related conditions (Jayasinghe et al., 2016). It is not just colonisation of specific microbes that can increase the likelihood of obesity.  Germ free mammals, living in states of gnothosis, have been shown to gain more body fat, showing it is not just the diversity but the volume of microbes that influences the development of metabolic disorders (Bäckhed et al., 2004).  It is not surprising, given that the largest amount of microbiota is found in the human gut, that there is a significant influence between microbes and metabolic disorders (Turnbaugh et al., 2007, Burcelin, 2012).  From these studies, a conclusion can be obtained that a lack of microbes or the colonisation of obesity associated gut microbiota has an increased and transmissible capacity to promote fat deposition and elevate the risk factors associated with conditions of obesity (Turnbaugh et al., 2006, Qin et al., 2012).  

In addition, trials are being conducted in both animals and humans to investigate diseases such as chronic ulcerative colitis and Clostridium difficile colitis.  These have been successfully treated with FMT, supporting the correlation between the transfer of microbial communities and changes in phenotype, in this case a transition from an ailing phenotype to that of a healthier profile (van Nood et al., 2013, Mattner et al., 2016).  Interestingly, FMT has also proved therapeutic with neurobiological disorders, especially for those on the autism spectrum, who often find their condition worsened with intestinal discomfit (Kang et al., 2017).  The success of FMT in individuals with conditions such as obesity, colitis and autism have shown that phenotype can be conferred via the colonisation of certain microbiota.  This demonstrates the importance of the consideration of hologenomic theory in medicine, especially in understanding the relationship between microbiome, phenotype, and disease profile.  Now that this influencing capacity on phenotype has been established, the role of microbiomes in the evolution of Homo sapiens should be considered.  


The role of microbiota in human evolution
As with any newly emerging scientific concept, many areas of hologenomic theory are lacking.  As well as the deficiency of information of the influence of microbes on human phenotype, there is also a lack of evidence for how this phenotypic influence has translated in evolutionary terms.  A plethora of literature describes how the evolution of humans has been investigated with microbial archaeological evidence, but very rarely is this evidence considered as a driving factor of the evolution itself.  For example, paleobiology has been utilised in examining the microbiota found on the teeth of ancient skulls, enabling the compilation of a history of human diet (Warinner et al., 2015 Sperber, 2013).  Similar investigation of ancient microbes has revealed the health status of the communities of our ancestors (Metcalfe, 2007, Warinner et al., 2015).  More individually, microbes found in tooth calculus provide information about life history, the cause and location of death, and the method of mummification (Rollo et al., 2000, Metcalfe, 2007).  These ancient remains and their microbes, however, also present interesting opportunities for exploration of any causal link between microbiota and evolution (Warinner et al., 2015).  

In a similar way to genes, microbes can be classified as advantageous, neutral, or deleterious variations, with natural selection retaining the most favourable combination for that environment (Bordenstein and Theis 2015).  The potential for phenotypic and trait variation, therefore, can be considered as a function of both the number of symbiont genomes as well as that of the genome of the host (Singh et. al. 2013).  The holobiont, therefore, can be considered a unit of natural selection, with the retention of the most favourable genes or microbes for that environment, as specified under Darwinian theory (Bordenstein and Theis 2015, Brucker & Bordenstein, 2013). 

Since human’s humble cellular beginnings, microbes have been instrumental in our composition.  As organisms, we have been constructed, cell by cell by interactions between host and symbiotic microbes (Gilbert et al., 2015).  Our own mitochondria are a product of an association that occurred almost two billion years ago (Sapp, 1994).  Intracellular organelles such as cilia are posited to have bacterial origination via other endosymbiotic mechanisms (Chapman et al., 2000).  In addition, multicellularity itself is a result of yet more intimate relationships between bacteria and the ancient unicellular eukaryotic protists (Margulis 1981, Alegado et al., 2012).  Further down the timeline, the origination of the mammalian placenta is thought to be facilitated by microbial interaction (Chuong, 2013). These developments in our earliest origins as multicellular, mitochondrial, vertebrate and eukaryotic organisms were enabled by the many and varied states of symbiosis between microbes and the cell host.  

Microbes also have been important evolutionary elements during times of necessary Homo sapiens diet change.  Our microbiota has allowed a plasticity in diet, due to the ability to acquire microbial ‘traits’ fairly rapidly over our evolution.  A healthy microbiome allows increased resilience to unfamiliar nutrition sources through ease of change and acquisition of useful microbes (McFall-Ngai et al., 2013).  These organisms can also transform materials that previously would have had little nutritional value into useful sustenance for our ancestors, producing digestible molecules from indigestible substrates (McFall-Ngai et al., 2013).  This ability of microbes to allow humans to radically change their feeding patterns has assisted in two main nutritional shifts in Homo sapiens history.  The first occurred ten thousand years ago, as Neolithic man adopted the carbohydrate rich diet stimulated by their recent adoption of farming from the previous hunter-gatherer life style (Adler et al., 2013).  A cooperative microbial process degraded the starch polysaccharide in the colon, resulting in butyrate, a molecule that Homo sapiens can digest (Duncan et al., 2002).  This allowed the human body to adapt and transfer starch components into the colon, where these indigestible parts could be transformed into utilisable nutrient particles by the microbiota (Walter & Ley, 2011).  Included in this adoption of pastoral life was the need to digest milk, which was helped by lactate fermenters, such as Eubacterium hallii, that also turned this otherwise indigestible substance into butyrate (Duncan et al., 2004, Walter & Ley, 2011).  These microbes improved nutrient acquisition from both grain and milk sources that otherwise would have been indigestible and negligibly nutritional.  The help of microbes in assimilating these novel substrates efficiently provided clear advantage in terms of natural selection, for both the microbe and host.  The former would receive sustenance in the colon from the human diet, while the latter would be able to digest the material most readily available to them, therefore maximising the fitness of the complete holobiont that possessed such organisms (Walter & Ley, 2011). 

The second dietary evolution occurred as humans continued to colonise different areas of the world and communities evolved to digest the nutrients that were most available to them, in a similar way to the New Age Man adjusting to a pastoral lifestyle.  The microbes found in US citizens today are more suited to the digestion of high fat, high protein diets that were, and still are, available.  More isolated populations such as those sampled in rural Malawi and the Amazonas of Venezuela have been shown to have gut microbiomes optimised for breaking down the complex carbs that can be grown in these areas (Yatsunenko et al., 2012).  In addition, Japanese people evolved the ability through the association of marine bacterium to digest a seaweed polysaccharide available to them (Hehemann et al., 2010). This diet specialisation enabled humans to evolve within their environment and extract the most advantageous nutrients from their surroundings.  Without these changes, there would have been intense conflict between the human digestive system, microbiota and the novel materials, correlated in a fitness depreciation in the individual (Walter and Ley, 2011). Microbial genomes can be envisaged as traits that can be selected for in respect to benefit for the surrounding environment, and therefore can drive the process of natural selection and spur on the unique evolution of Homo sapiens in a diversity of settings.   

These two nutritional shifts highlight the important consideration that must be given to microbes and their role in adjusting humans to changes in diet, nutrition, and environment.  After the industrial revolution, the human mouth lost much of its microbial diversity, due to improvements in oral hygiene and increased use of disinfectant agents (Adler et al., 2013, Kilian et al., 2016). While improved dental hygiene is widely promoted, it also has a role in the elimination of excessive microbiota from the mouth, making it vulnerable to change.  This is important, as resilience of our microbiota is required for humans to adjust to further changes. The lack of diversity of microbes in the mouth could very well be reflect the status of other microbial colonies within the human body.  With the current shift towards a Westernisation and ubiquity of worldwide diet, a lack of overall microbiome diversity could cause a standstill in nutritional evolution towards a new fitness level that suits this changing diet.  This lack of evolution, in fact, could be a driving factor in the global epidemic of metabolic disorders (Walter and Ley, 2011).   Considering their role in our past evolution and natural selection, microbes are greatly important in facilitating adjustment and selection to suit new modes of human diet.  

Microbes also produced increased resilience in individual evolutionary terms to changing situations, as well as diet.  Microbiomes may have increased rates of survival for our ancestors during the environmental fluctuations so characteristic of early Homo sapiens history in the Pleistocene glacial and interglacial periods (Butzer, 1977).  The flexible hologenome can quickly respond to change with alterations and acquisition of microbes and the consequential phenotypic adaptations (Rosenberg et.al. 2010).  Similarly to modern day, in ancient times a more diverse microbiome would be preferential, as the larger the biodiversity of organisms, the increased stability of the microbial ecosystem (Tilman et al., 2006).  Homo sapiens ancestor’s microbiomes, therefore, were integrally important in allowing them to respond to changes in their environments and situations (Rosenberg et.al. 2010).  

In addition to the resilience to diet changes and fluctuating environments that microbes imparted in Homo sapiens ancestors, they also held a significant role in the development of the vertebrate, and therefore human, immune system (Lee and Mazmanian, 2010).   The microbiome poses a challenge for an immune system to overcome as it contains so many organisms of foreign origin, emitting similarly foreign particles. The host immune system has evolved, therefore, to function adequately, without causing unnecessary inflammation in response to the symbiotic microbiota residing in the host (Lee and Mazmanian, 2010).  One of the proposed methods that microbes helped in the evolution of the adaptive immune system is by communicating with undifferentiated CD4+T cells, who could receive such microbial environmental signals (Lee and Mazmanian, 2010).  Evidence for this is provided by mouse studies such as one conducted by O’Mahony et.al. in 2008 that demonstrated that Bifidobacterium infantis was able to trigger the differentiation of the TREG regulatory T cells from the CD4+T.  These TREG’s are able to control or dampen any unwanted immune system activation (O’Mahony et al., 2008).  The sensitivity of the undifferentiated CD4+ cells to the microbial signals, over time allowed evolution of the immune system, by designating the correct reactions to have to certain organisms, depending on if they were pathogenic or symbiotic (Lee and Mazmanian, 2010).  The microbes that were able to facilitate this communication to CD4+ cells would be selected for in the evolution process as this recognition and consequential suppression of inflammation would be needed for successful colonisation (Sprinkle, 2006, Lee and Mazmanian, 2010).  Through communication between microbes and CD4+T cells, a functioning adaptive immune system was created, that resulted in beneficial outcomes and fitness levels for symbiotic microbes, by letting them live, feed and reproduce within the host, and for humans, by recognising appropriate reactions to pathogenic or symbiotic organisms (Lee and Mazmanian, 2010).

Microbiota undeniably had an important role in human evolution, essential from the earliest days of multicellularity.   Microbes aided in times of enormous changes in both human nutrition and environmental fluctuation. The human microbiome was one of the factors that allowed Homo sapiens to defy the environmental constraints exerted upon then and slowly colonise almost every continent on earth (Butzer, 1977).  Microbes also facilitated the evolution of the vertebrate adaptive immune system, ensuring that pathogenic organisms did not colonise them.  

Often evolution and microbial change are so interwoven that it is hard to distinguish which is the main driver.  In circumstances such as diet, environmental change, the microbiome is altered in order to allow the evolution of digestion of available food.  The microbiome also has the capacity to influence immune cell differentiation and therefore drive human evolution by facilitating the beginnings of adaptive immunity.   

The latter ability to evolve a phenotype through microbial alteration is important, as it suggests that we can manipulate our own microbiomes to acquire advantageous traits in our lifetime, and possibly even influence the microbiomes of future generations.  We know that our microbiome has an ability to ultimately impact our phenotype and that we can ourselves edit these microbes, therefore can harness hologenomic theory in the practice of modern medicine to shape the future of human kind.  


Applications in medicine  

The microbiota portion of the complete human holobiont can alter the host’s phenotype, and has applied this capability many times over in Homo sapiens evolution.  It has been discussed with regard to alterations in fitness with treatments and conditions such as autism, ulcerative colitis and obesity, and increases in fitness involved in the evolution of cellular composition, diet change, and population structure. With this knowledge, human beings can utilise methods of microbiome manipulation to both their detriment or advantage (Mustata and Mustata, 2014).  I will describe antibiotics and probiotic use can drastically change our internal microbial environments and result in elimination and diversification of microbial species respectively (Mustata and Mustata, 2014).

An example of medical intervention detrimental for our microbiome, is the use of antibiotics.  Since the discovery of the ‘magic bullet’ that could rid the twentieth century of the plethora of infectious diseases, antibiotics have been applied liberally and ubiquitously across mankind’s ailments (Zaffiri et al., 2012). Previous generations however, unknowingly sacrificed their own healthy microbiome as collateral in the battle against infection (Modi et al., 2014).  Even the name: anti-biotics, suggests some excessive harm to the internal biota.  The anti- mechanism unfortunately does not discriminate, and in attempting to destroy an infectious agent, antibiotics also depopulate our healthy microbiota, causing microbial destabilisation and possibly acute or chronic disease (Dethlefsen et al., 2008).  The human microbiome is profoundly altered in diversity and quantity of microbes with antibiotic use, transformed into a state of unbalance or dysbiosis.  In the short term dysbiosis can cause the selection of resistance microbes, and in the long term can be associated with health problems related to the loss of beneficial bacteria (Francino, 2016).  Countless studies of the effects of antibiotics on the microbiota of humans show that antibiotic use, whether it be long or short term, severely impact the microbial community composition, function and response (Francino, 2016, Jernberg et al., 2010).

Dysbiosis occurs as the antibiotics eliminate not just the infectious agents but the vital microbes important in the health of the host.  The ‘good’ microbes are often paramount in preventing pathogenic microbe settlement (Acheson and Luccioli, 2004).   The risks of disease resulting from this dysbiosis range from diarrhoea to pseudomembranous colitis (Wilcox, 2003).  The side effects of antibiotics have been shown to last for years, meaning one relatively short antibiotic course could be long term in its consequences (Jernberg et al., 2010, Dethlefsen et al., 2008).  Additionally, long term use of antibiotics can supply more opportunities for invasion of pathogenic bacterial strains into areas where antibiotic sensitive indigenous bacterial originally inhabited (Wilcox, 2003, Acheson and Luccioli, 2004,Modi et al., 2014).  Here they can thrive, and utilise horizontal gene transfer with additional strains to increase their pathogenicity (Modi et al., 2014).

A perfect way to study the effect of antibiotics is by examining isolated populations that have not been exposed to the almost ubiquitous pharmacologic doses of antibiotics found in western populations (Clemente et al., 2015).  The Yanomami hunter-gathers are a group of previously uncontacted Amerindians, whose microbiomes were analysed and compared to a standard Westernised microbiome (Clemente et al., 2015).  This community has the highest levels of bacterial diversity reported for humans, undoubtedly because of 11,000 years without both antibiotics and Westernisation (Clemente et al., 2015).  This is a clear demonstration of the limiting effect of both modern life and liberal antibiotic use on the human microbiome.  

It is obvious from studies of disease caused by antibiotic mediated dysbiosis and analysis of un-medicated isolated communities that antibiotics profoundly damage our microbiomes (Jernberg et al., 2010, Dethlefsen et al., 2008, Modi et al., 2014).  It is important that the medical profession stops evaluating antibiotic treatment solely on the basis of an individual’s nuclear genome.  This excludes the exceptional influence of the microbiome constituent and its phenotypic influence on health. The use of hologenomic theory in medicine will allow the use of a more microbial ecological approach to treatment that will hopefully lead to a future not endangered by the risk of antibiotic mediated disease or resistant bacteria.  

Hologenomic theory has led to a scenario of conscious phenotypic alteration never before experienced.  Unlike our nuclear genome, we have an ability to change the actual composition of our microbiota, and therefore experience any alterations to human physiology it imparts.  This implies is that we can manipulate our own phenotype and drive contemporary medical evolution by employing hologenomic theory in modern treatment.

In the same ways, microbial equilibrium can be disrupted with antibiotic use, research has also provided methods to return our hologenomic to a balanced state.  Probiotic pills, supplements or foods can return order to a microbiome in dysbiosis (Floch et.al. 2006).  These have achieved unheard of popularity in the western world, with sales valued at over $30 000 million US dollars in 2014 (Statista, 2014).  These probiotics can be applied in both prescribed and over the counter forms, and in many cases, are still considered a ‘health food’ by the FDA (Islam, 2016).  In medicine, probiotics have been used with increasing success against a variety of conditions such as irritable bowel syndrome, prevention of cardiovascular disease, improvement of immune response, with the most promising results in treatment of antibiotic associated diarrhoea and pouchitis (Floch et.al. 2006, Islam, 2016).  Probiotic supplements are composed of non-pathogenic live bacteria such as Lactobacilius, Bifidobacterium, as well as yeast strains such as Saccharomyces boulardii (Islam, 2016).  Exact mechanisms of the benefits gained from ingestion of probiotics is still largely unknown, with it hypothesised that the live microbes refill the spaces that pathogenic bacteria could otherwise fill, add diversity to the internal ecosystem, or could be additionally involved in immunomodulation (Scarpellini et al., 2008, Eloe-Fadrosh et al., 2015). 

The name, probiotics, or pro-life is in stark contrast to that of antibiotics (Islam, 2016).  It is not just in a name however; antibiotics and probiotics are opposing in their microbial consequences and disease ramifications.  A condition mentioned above, antibiotic associated diarrhoea (AAD) causes symptoms such as dehydration and toxic megacolon, and depending on the antibiotic used is experienced in 5-39% of administered patients (Gupta & Garg, 2009, McFarland, 1998, Hood et al., 2014). Probiotics are used in prophylactic prevention of AAD in high risk patients.  They supplement the microbiome with additional helpful bacteria, promoting greater diversity.  This attainment of variety is advantageous as the insurance hypothesis claims, that the higher species numbers, the larger the resilience of the microbial ecosystem against environmental fluctuations (Yachi & Loreau, 1999).  A meta-analysis study conducted by McFarland showed that use of probiotics as prophylaxis could reduce the risk of AAD by 44-57% (McFarland, 2006).  This preventative effect has been further proven by more recent studies such as those conducted by Avadhani & Miley in 2011 and Videlock & Cremonini in 2012.  Despite these supportive findings, supplementation with preventative probiotics during antibiotic treatment is not recognised procedure in hospitals, despite a study by Wong et al. in 2015 establishing that many medical professionals agree probiotic practices could be beneficial to patient treatment.  

Humans have reaped probiotic benefit before the existence of microbes was even conceived (McFarland, 2015).  The benefits were so well known that Ancient Egyptian hieroglyphs depict the drinking of fermented milk (McFarland, 2015, Yang et al., 2014). Yet the medical profession remains resistant to the use of probiotics.  Difficulties arise from insufficient research combined with a heterogeneity of microbe studies.  The variety of conclusions reached on specific microbes make any deductions hard to reach about the effectiveness of overall probiotic treatment (Thomas, 2016).  For probiotics to become more accepted as both prophylactic and therapeutic treatments, efforts such as the Human Microbiome Project need to continue to creating awareness around the importance of maintaining a healthy microbiome (Turnbaugh et al., 2007, Sperber et al., 2012).  

Probiotics are a hopeful tool in the fight against antibiotic related disorders, and have been shown to have promising applications in cancer research and metabolic disorders, as well as preventative effects (Thomas, 2016).  These microbe boosts in pill form might be the next step on the evolutionary journey towards optimal microbiota health in order to maximise human hologenomic fitness.  


Conclusion
Hologenomic theory, with all its Lamarckian aspects has the potential to revive evolutionary philosophy.  It does not alter the basic tenets of traditional theories of Darwinian natural selection, Mendelian inheritance or modern synthesis but it does adds on an important layer of microbial influence to consider in all three of these models (Gilbert et al., 2015).  Human phenotype has morphed over time, not just due to selection, inheritance and variation from the nuclear genome, but from the influence of a huge variety of organisms found in the human microbiome.  Due to this phenotypic influence, microbiota has played an instrumental role in human evolution, influencing aspects from early cellular eukaryotic organisms, to mediating changes in human diet and environment, and the early development of the adaptive immune system.  Further analysis of individuals’ microbe’s role in phenotype and evolution, will allow development of treatments for diseases that have up to now proved severely detrimental to human fitness.  In this way, modern medicine, by acknowledging the importance of hologenomic theory, will be able to alter the worldwide human disease profile, shaping contemporary evolution.

It is important to note that this is a very wide overview of the topic of hologenomic theory.  In my research, I noticed the tendency of researchers to zero in on very specific topics, for example the advantage of one specific microbe over another (Qin et al., 2012, Dodd et al., 2015).  This is incredibly helpful as knowledge of the intricate workings of a subject allow great overall mastery of the topic itself.  Hologenomic theory however, is still young and many areas of its composition are left gaping with empty spaces that need to be researched.   The principle of hologenomic thought rests on aspects of ecological theory, a philosophy that requires the study of the interaction of all the contributing parts.  Due to holistic nature of the theory itself, therefore, I thought it would be suitable to examine in overview, and this would allow identification of those topics most in need of discussion and further scientific enquiry.  

Despite the conclusions I have reached, in much of my research I found the field lacking in research.  As with any new topic on the scientific horizon, many questions need to be solved to move forward in hologenomic theory.  It seems the role of microbiota and the mechanism of its phenotypic influence are still relatively unexplored and in order to reach more definitive suppositions on this, continual research needs to be conducted (McFall-Ngai et al., 2013).  Studies into the heritability of microbes are needed for hologenomic principles to be truly claimed as evolutionary theory, for example more research investigation of the mechanism behind foetal microbial colonisation is necessary (Perez-Muñoz et al., 2017, Bordenstein and Theis 2015).  It would also be interesting to examine the possible existence of a ‘core’ human microbiome as this would prove useful, especially in the creation of probiotic treatments that could restore this ‘core’ composition to unhealthy individuals (Ley et al., 2007).  

Research also needs to continue in the areas of antibiotic and probiotic use in medicine.  The acceptance of microbial consideration and practice has so far been resisted by the medical industry.  For the damage inflicted by antibiotics to be recognised and for realisation of the potentially prophylactic and therapeutic role probiotics, further research will need to continue. The medical utilisation of probiotics will only occur with regulation through administrations such as the FDA, and for that many more controlled, randomised and placebo based clinical trials as well as continuing meta-analysis of data on probiotic use will need to occur (Videlock and Cremonini, 2012, Islam, 2016).  These metagenomics studies are instrumental in not only identifying diversity and numbers of microbes but specifying the species constituents of microbiomes across individuals (Ross et al., 2013).  Mustata & Mustata in 2014 claimed that probiotics might be the upcoming ‘secret weapon’ in modern medicine, but for this to be believed, much greater volumes of more controlled research need to be conducted.  

Apart from the advantages that research will provide, studies of hologenomic theory are beneficial to the scientific pursuit.  As we merge symbionts and the host into one model of the holobiont, we also allow assimilation of many different scientific disciplines that assist with research, such as medicine, surgery, epidemiology, agriculture, biotechnology, and behavioural, computer and ecosystem science (The University of Chicago, 2017, Mustata and Mustata, 2014, McFall-Ngai et al., 2013).   The Human Microbiome Project, first launched in 2007, is an example of a convergence of disciplines used in hologenomic theory (Turnbaugh et al., 2007). 
  
It is interesting to consider a future where medical acceptance of hologenomic theory is widespread.  While dubious in its privacy, fascinating possibilities stretch on the horizon for the personal investigation and identification of a patient’s microbiome, the information of which is then stored on a medical database to be consulted by the patient’s doctors (Ley et al., 2007).  An initial ‘core’ microbiome could be documented that was then updated regularly with addition microbes and activity resulting from lab analysis of stool samples. In this way, a stool sample would become like a blood test.  This would be particularly beneficial for those individuals that do experience phenotypic change and disease due to activity within their microbiome.  A database would enable monitoring of changes throughout a patient’s life, examination of microbial mediated disease, as well as easy analysis of the effects of antibiotics, probiotics, or even simple lifestyle change, with before and after studies.  Not only would this allow greater monitoring of symptoms and diseases, it would allow direct comparison and easy analysis of humans as hologenomic entities (Ley et al., 2007).

Hologenomic theory has the potential to not only revitalise tradition evolutionary theories but to allow significant improvement of human health.  Analysis of human history and phenotypic alteration can provide insight into how we can maximise our health in the future, driving a contemporary advancement.   We need to extend the view of the human as the sum of their own genetic variation to include that of the genome of their microbes, especially in consideration of phenotype and disease outcome.  It seems only suiting, considering the sheer number of microbes that inhabit our body that we devote sufficient consideration to them.  The helpful symbionts that provide advantages in fitness can quickly turn hostile under differing conditions.  There is a delicate balance, therefore, that needs to be maintained but we still know very little about the right equilibrium that constitutes a ‘healthy microbiome’.  This is an area that needs intense exploration to utilise medications such as antibiotics and probiotics to our hologenomic advantage. I have no doubt that investigation will ensue, as above all, my research has demonstrated to me that the hologenomic bug is catching.  
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