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Animal and plant biodiversity is decreasing. In contrast, the global direction and the pace of change in microbial, including viral, biodiversity is unknown. Important niches for microbial diversity occur in highly specific associations with plants and animals, and these niches are lost as hosts become extinct. The taxonomic diversity of human gut bacteria is reported to be decreasing. On the other hand, SARS-CoV-2 variation is increasing. Where microbes are concerned, Darwin’s “tangled bank” of interdependent organisms may be composed mostly of other microbes. There is the likelihood that as some classes of microbes become extinct, others evolve and diversify. A better handle on all processes that affect microbial biodiversity and their net balance is needed. Lack of insight into the dynamics of evolution of microbial biodiversity is arguably the single most profound and consequential unknown with regard to human knowledge of the biosphere. If some or all parts of microbial diversity are relentlessly increasing, then survey approaches may be too slow to ever catch up. New approaches, including single-molecule or single-cell sequencing in populations, as well as focused attention on modulators and vectors of vertical and horizontal evolution may offer more direct insights into some aspects of the pace of microbial evolution.
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A PROFOUND IGNORANCE

Animal and plant biodiversity on earth is decreasing. Many important features of this decrease are unclear, including ways in which the pace, i.e., the rate of decrease, is comparable to great extinctions defined by paleontology and how the current decrease is distributed among different phylogenetic domains and ecosystems (Di Marco et al., 2019; Trisos et al., 2020). However, the overall trajectory is clearly downward (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2020). The decrease in global biodiversity of “macrobes,” i.e., eukaryotic multicellular differentiated organisms (EMDOs), commonly known as plants and animals, is a key issue of the Anthropocene.

In contrast to what we know of the world of plants and animals, we have no idea whether global microbial diversity is increasing, decreasing, or staying the same. For the purpose of this discussion microbial biodiversity includes eubacteria, archaea, protists, single-celled fungi, and viruses of all forms, bacteriophages, archaeaphages, and viruses of eukaryotes, including viruses of animals and plants. It is a blind spot– almost a scandal– that the question of the global trends of microbial biodiversity seems never to have been raised. We raise it here. Once the question is asked, are there direct ways to address it? The intent here is to review literature in search of additional ways to address pace and direction. If there are ways to short-circuit survey approaches, what might they be? Can the enormous amount of data on microbial genomes and metagenomics be examined with rate of change in mind? What new approaches might shed light on the question? The approaches proposed in this article are by no means final and are certainly not protocols to solve the problem. The purpose here is to frame the rate of change of microbial biodiversity as an interesting and important question on which consequential progress is possible.

Consider the graphs below in which the Y axis represents biological diversity and the X axis is time Figure 1). The trajectory of biodiversity at any point in time is the first derivative (defined in calculus as the tangent of the curve at that point) of total biodiversity versus time. Our goal is to directly measure the straight line that is tangent to the curve at the present time).
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FIGURE 1. (A) In pre-calculus, the secant is a straight line connecting two points on a curve. The present-day approach to measure changes in biodiversity is to count the number of species at different times and determine the slope of the secant. In the case of animal and plant biodiversity the slope of the secant is negative. (B) The breakthrough of calculus allows defining and finding the slope at a single point. A breakthrough analogous to calculus would be tremendously helpful to determining the trajectory of microbial biodiversity because the secant approach is in many cases difficult or seemingly impossible to implement.



Preliminaries to Frame the Question

Three preliminary issues require consideration: (a) What is meant by microbial biodiversity? (b) By what metrics is biodiversity in microbial realms comparable to the biodiversity of EMDOs (i.e., animals and plants?) (c) What baseline knowledge of microbial biodiversity is necessary in order to analyze how that diversity changes over time? I propose the following point of view: (a) Microbial biodiversity is the distribution of individuals in sequence space. (b) Microbial distribution in sequence space is similar enough to EMDO distribution that meaningful comparisons are possible. (c) Global directions of microbial evolution need not depend on catalogs of species and phylogenies. In some cases, direct measurement of the derivative at a single point need not depend on knowledge of the shape of the curve or the equation for the entire line. These interrelated issues are expanded below. The answers proposed below are meant to initiate discussion of the problem, not to prescribe specific approaches.



What Is Diversity in Microbiological Realms and How Is It Related to Animal Biodiversity?

Carl Woese pioneered the use of small subunit (SSU) RNA as a tool for species identification and phylogenetic analysis across the entirety of the living world (with the notable exception of viruses) (Woese and Fox, 1977; Woese et al., 1990). Woese’s insight of universal sequence with sufficient variation also applies to mitochondrial cytochrome oxidase I (mtCOI) DNA barcoding in the animal kingdom. The key recognized by Woese is the need for sequences similar enough across the groups of interest that they can be aligned and compared. Small subunit RNA works marvelously well to divide life into large groups. Subsequent work has moved beyond genes encoding SSU RNA, using other genes and gene families (Zhu et al., 2019; Williams et al., 2020). Whole genomes have also been used for parsing bacteria and are able to distinguish clusters of individuals (species or strains) separated by horizontal gene transfer (HGT) rather than only by point mutations in shared genes (Rodriguez et al., 2018; Murray et al., 2020). The relative roles of vertical and horizontal evolution are of great interest (Woese, 2004; Frazao et al., 2019).

DNA barcodes and their relationship to animal species invite comparison to measures of microbial biodiversity. DNA barcoding by mtCOI has been more extensively discussed elsewhere (Stoeckle and Thaler, 2018). The clustering pattern of macroscopic life was elegantly articulated by Dobzhansky in his foundational book Genetics and the Origin of Species (Dobzhansky, 1937), page 4:

If we assemble as many individuals living at a given time as we can, we notice that the observed variation does not form a single probability distribution or any other kind of continuous distribution. Instead, a multitude of separate, discrete, distributions are found. In other words, the living world is not a single array of individuals in which any two variants are connected by unbroken series of intergrades, but an array of more or less distinctly separate arrays, intermediates between which are absent or at least rare. Each array is a cluster of individuals, usually possessing some common characteristics and gravitating to a definite modal point in their variation. Therefore the biological classification is simultaneously a man-made system of pigeonholes devised for the pragmatic purpose of recording observations in a convenient manner and an acknowledgement of the fact of organic discontinuity.

DNA barcodes constitute a single metric by which the “feeling that it must be right” can be given a single quantitative meaning across the entire animal kingdom. Important findings have emerged from analysis of several million COI DNA barcodes. In groups throughout the animal kingdom, DNA barcode clusters largely correspond to what experts in each group have determined to be species. The extent of variance within clusters is similar and small (0.0% to 0.5% with most ∼0.2%) as determined through average pairwise difference (APD) within species from widely different groups including birds, mammals, fish, and insects. In most cases the APD separating nearest neighbor clusters is 1% to 2%. A key controversy regarding sequence clustering is the extent to which variance within clusters is neutral. For mitochondrial DNA barcodes most variation changes synonymous codons. The conclusion is not certain but the preponderance of evidence is that synonymous codon variation in the mitochondrial genome is neutral (Stoeckle and Thaler, 2018). If so, then synonymous variation is a passive passenger and also an indicator of population processes such that the accumulated variation is a function of population size and time (Kimura, 1986).

One takeaway is that the clustering pattern seen in macroscopic life is in a general way also a property of microscopic forms of life (Tibayrenc et al., 2015). Mechanisms necessarily differ because in many microbes (and fewer macrobes) the reproductive life cycle is not coupled to genetic exchange.

One avenue for further work will be the critical comparison of variation within SSUs (genes encoding small subunit RNA, 16S in eubacteria and archaea; 18S from the cytoplasmic ribosomes of eukaryotes) with the variance of mitochondrial COI DNA barcodes. In this way we could learn whether the amount of variation accumulated in extant species of EMDOs corresponds to that found in groups of microbes. The same APD approach should be applicable to mtCOI DNA barcodes and SSU analysis. A related area of important uncertainty in both cases (SSU RNA and mtCOI) is which variants are selectively neutral and which are subject to selection. Patterns of clustering of variation among individuals in extant populations of microbes may prove meaningfully comparable with analogous measures in plants and animals.



THE DERIVATIVE OF HORIZONTAL GENE TRANSFER

Microbial diversity is generated through both vertical and horizontal mechanisms. Evolution involves both the generation of diversity and selection among variants. However, these two processes are not always neatly separated (Thaler, 1994). HGT and mutation in vertical lineages are each generated through the action of enzymes encoded by genes that are themselves subject to evolution. The presence of genes involved in HGT, their activity and allelic state are indicative of the rates by which combinatorial microbial variants are generated.

There are several types of horizontal gene transfer mediated by bacteriophage through either specialized (Morse et al., 1956) or generalized (Zinder and Lederberg, 1952) transduction, conjugation (Lederberg and Tatum, 1946) (Lederberg et al., 1952; Cavalli et al., 1953), DNA-mediated transformation (Avery et al., 1944), or cell fusion (Gratia and Thiry, 2003; Gratia, 2005). New DNA entering a cell may either replicate independently or integrate into the host chromosome, or both. Integration into the host chromosome may involve illegitimate (Scwacha and Kleckner, 1994), site specific (Campbell, 1965) or homologous (Clark and Margulies, 1965) recombination. The degree of sequence similarity required to support homologous recombination is modulated by the mismatch repair and SOS systems which themselves are composed of genes and genetic networks subject to mutation and other genetic and physiological changes (Rayssiguier et al., 1989; Thaler, 1994; Magnasco and Thaler, 1996; Moxon and Thaler, 1997; Field et al., 1999). Sequence studies have inferred many of these processes independently (Cohan, 2017, 2019). Thus we know from experimental work that horizontal gene transfer can happen, with some detail as to molecular mechanisms, and from sequencing studies that these processes occur frequently in nature. Approaches need to be developed that directly assay mechanisms that mediate horizontal gene transfer.

Important niches for microbial diversity occur in highly specific associations with EMDOs, such as the gut microbiota in animals and nitrogen-fixing nodules on the roots of legumes. These specialized microbial communities probably cease to exist along with the extinction of their associated animals and plants. On the other hand, much of microbial life is understood only in the context of other microbes. For microbes, Darwin’s “tangled bank” of “elaborately constructed forms, so different from each other, and so dependent upon each other” may consist mostly of other microbes.

A “species” may be considered to be a cluster in nucleotide sequence space. The number of different animal and plant species, although unknown, is the subject of reasonable estimation (Mora et al., 2011). The number of 16S eubacterial and archaeal sequence clusters has also been estimated (Louca et al., 2019) albeit with the caveat that estimates based on 16S necessarily underestimate total sequence diversity (Shevchenko et al., 2019). The difficulty in estimating sequence diversity of viruses inclusive of bacteriophage and archaeaphage lies partly in the plausibility of strains appearing and disappearing more rapidly than a comprehensive survey at any one moment could catch (Hadfield et al., 2018). What seems most likely is that the biosphere’s sequence diversity at present is probably dominated by microbes, including viruses. A possible qualification to the statement of microbial dominance of biospheric sequence space is if somatic immune-system diversity is counted (Lin et al., 2020; Roskin et al., 2020) and turns out to be sufficient to shift the accounting of total diversity in favor of EMDOs. A different type of possible exception concerns heritable biological variation that is not based in polynucleotide sequence. DNA sequence could, in principle, account for all hereditary information. However, the fact that extant cells come only from other cells leaves open the possibility that DNA sequence alone is not sufficient for biological continuity (Thaler, 2009).



ESTABLISHING A BASELINE OF MICROBIAL BIODIVERSITY

The classical way to measure the rate of change in biodiversity is to measure diversity at different times and divide the difference by the amount of time that has passed. For example, if the number of species decreases by half over the course of a year, the rate of loss is 0.5/yr. This classical approach of counting species and seeing how the counts change with time can be applied in specialized contexts, such as monitoring changes in microbial diversity within the intestinal microbiome (Magro et al., 2019). But there are two related problems making this approach difficult and perhaps impossible to generalize.

The first problem is that the extent of current microbial biodiversity is unknown (Dance, 2020), possibly with a large fraction in hard-to-access, rare, or extreme environments (Sogin et al., 2006; Amaral-Zettler et al., 2010). The deep hot biosphere may contain the majority of our planet’s microbial biodiversity (Magnabosco et al., 2019). The second problem is a possible “chicken and egg” paradox that would preclude direct measurement of the rate of microbial biodiversification through a series of independent timepoints: Suppose that the rate of generation of new microbial diversity is very fast. If so, a baseline sequence library may never be finished because new diversity is generated more rapidly than it can be measured. It might require 20 years before there is sufficient understanding of the deep biosphere and other hard-to-access environments to have an adequate baseline library. However, if microbial–including viral–evolution is as rapid as it might be, establishing a complete baseline inventory may prove impossible. These two problems motivate the pursuit of approaches with potential for directly measuring the first derivative of microbial biodiversity, in order to gauge instantaneous directions and rates of change.



MICROBIAL DISTRIBUTION IN SEQUENCE SPACE

Species, in common practice of mitochondrial barcode sequence analysis, are usually assigned on the basis of their closeness to a consensus sequence. Counts taken at successive times determine if consensus sequences are missing and if new ones have appeared. Census counts of a species are enumerated as the number of individuals that are “close enough” to the consensus sequence. Microbiome analysis often enumerates not “species” but the diversity of “operational taxonomic units” (OTUs) in the context of SSU-encoding genes (usually 16S). OTUs are clusters of sequences separated by more than 2% (for fungi) or more than 3% (for eubacteria and archaea) from the nearest cluster.

“Quasispecies” are clouds in a sequence space formed by populations possessing mutable genomes (Eigen, 1993; Bull et al., 2005; Domingo and Perales, 2019; Lu et al., 2020). Modeling suggests that favored quasispecies allow many neutral mutations. Selectively favored mutations migrate the quasispecies cloud or establish a new one. Consider the case when a founder clone seeds a new quasispecies. The distribution of the quasispecies in sequence space is a function of the number of generations elapsed since clonal founding as well as the mutation rate and spectrum. The greater the number of generations and the higher the mutation rate, the larger the quasispecies sequence cloud will be. The size of a quasispecies cloud can be accessed through the positively correlated statistic APD among individuals within the cloud (Dridi et al., 2015; de Azevedo et al., 2017). Consider the case of a population that starts from a single sequence, a founder and its clonal descendants. A larger APD and cloud are functions of the number of generations and the mutation rate per generation. The quasispecies concept is related to the molecular clock, neutral evolution, and Luria-Delbrück mutation.

Zuckerkandl and Pauling in 1965 hypothesized a molecular clock based on the rate of amino acid substitutions in hemoglobin compared with fossil evidence giving an independent measure of time of divergence (Zuckerkandl and Pauling, 1965). Kimura in 1968 proposed that most sequence changes are selectively neutral or nearly neutral and the accumulation of variation in a population follows from the mutation rate, the number of generations, and the chance-driven loss or gain of variants (Kimura, 1968). The Luria-Delbrück interpretation of mutant clone sizes in a growing bacterial population implicitly includes the assumption that the accumulating variants are neutral during an exponential growth phase before selection (Luria and Delbrück, 1943; Stewart et al., 1990).

Phylogeography of mitochondrial genome coalescence, in combination with archeology and paleontology dates the origin of the modern human mitochondrial sequence in the range of 150,000 to 200,000 years ago (Mellars, 2006). Most mitochondrial sequence variation appears to be neutral (Richards et al., 2000; Tishkoff and Williams, 2002; Forster, 2004; Kivisild et al., 2006), but for a different view see Mishmar et al. (2003). The APD of mitochondrial sequences within animal species tends toward the same low value and most variation is probably neutral in divergent phyla such as insects, birds, mammals and, fish (Stoeckle and Thaler, 2018). Humans are an average animal species when analyzed in this way; the human APD is 0.1% and the majority of animal species are in the range of 0.1% to 0.2% (Thaler and Stoeckle, 2016). Outgrowth from a clonal sequence in a similar way over a similar time frame (for different species this varies from a range of ca. “last week” to half a million years ago, with a median at 100,000 to 200,000 years ago) is a plausible way to account for the similarity of mitochondrial sequence clustering within different species across the animal kingdom (Stoeckle and Thaler, 2018). The variance within clusters measured by APD is a prototype of an independent way to obtain the derivative of biodiversity–the pace of change in the sense of population replacement. Successive clonal replacement is very much the manner of evolution in the microbial realm (Tibayrenc et al., 2015; Baym et al., 2016). Baym and colleagues have produced a superb YouTube video demonstrating in an experimental setting the evolution of bacteria to survive in increasingly high concentrations of an antibiotic (Link in Figure 2 caption). It seems reasonable that a method akin to that used to estimate the age since expansion from a clonal sequence of mitochondria within an extant population, i.e., the variance of individuals around a consensus sequence as measured by APD, can also be used to estimate the time or the number of generations that have elapsed since a clonal origin of cellular microbial and viral populations.
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FIGURE 2. (A) Darwin’s “Tree of Life” diagram from his Origin of Species (Darwin, 1860) juxtaposed with (B) a time-lapse study of bacterial growth across a step-wise concentration gradient of antibiotic (Baym et al., 2016). A video of this marvellous experiment may be accessed here: https://www.youtube.com/watch?v=plVk4NVIUh8.


In the eubacterial and archael realms of microbiome metagenomic sequence many analyses use OTUs rather than the word “species.” OTUs are clusters separated by 2% or 3% in sequence space. The lack of further definitive knowledge follows in some cases because the organisms harboring them have never been cultured. Another part of the ignorance is simply that there are so many different sequence clusters. A related aspect is the semi-ignorance of sequence classification in the absence of experiment. A sequence may be somewhat similar to one in another organism that has been cultured, or to an enzyme for which a reaction has been characterized. There may be a temptation to overestimate the certainty when a new sequence is assigned to an old role. A less presumptuous way to state the level of certainty is that it is a generator of hypotheses whose degree of certainty and testability differs by specific case. OTUs are often based on SSUs (small subunit RNA, 16S in eubacteria and archaea) although with longer reads and better total assembly, more extensive chromosomal contiguous segments are available and horizontal evolution can more easily be taken into account (Nguyen et al., 2016; Palmer et al., 2019). A saving grace of eubacterial, archaea, and eukaryotic cellular sequencing is that there is an overall tree of life on which to organize sequences (Woese et al., 1990; York, 2020). Such an overarching organizing principle is not available for viruses of either prokaryotes or eukaryotes.

The sequences of viruses of eukaryotes and prokaryotes (bacteriophage, archaeaphage) are in some ways easier and in others harder to characterize. Easier, because viral genomes are smaller and tend to be less potentially confusing than others, making it straightforward to assemble full genomes even from short read lengths (e.g., ∼200 bp from Illumina). There are differences in sample preparation to optimize for viruses, and they may have been missed in some studies. Phylogenetically, there are lineages and groups of related viruses, but the trail of relatedness “runs cold” far short of the all-encompassing tree of cellular life (Mavrich and Hatfull, 2017; Low et al., 2019). It seems likely that groups of viruses evolved independently, i.e., viruses of bats did not evolve from viruses of bacteria. Instead, it seems likely that viruses have branched off from cellular life many independent times and may continue to do so. There is recombination creating functional combinatorial diversity among viruses but most of this is between viruses that were related to begin with (Botstein, 1980; Brown et al., 2016).


Combining Quasispecies and Phylogeny for a “Stars and Galaxies” View of Life

Consider the distribution of life in sequence space as similar to that of stars in the universe. In this analogy, individuals are stars and species are galaxies. Galaxies correspond to quasispecies in the Eigen formulation. The sequence space outside quasispecies is unused and, at least in the neighborhood of quasispecies-galaxies, largely neutral with regard to selection. Higher taxa might approximate galaxy clusters or other cosmological structures in this planetarium-inspired representation. The enumeration of higher taxa in eukaryotes is proposed as a way to estimate the number of species and characterize their phylogenetic distribution (Mora et al., 2011). It will be of interest to learn if this approach can be usefully extended to microbial life, prokaryotic and eukaryotic.

It is instructive to compare the famous tree diagram from Darwin’s Origin of Species (Darwin, 1860) with a more recent time series of bacterial evolution upward against a gradient of increasing concentrations of an antibiotic (Baym et al., 2016). Darwin’s stick figure diagram of the origin of new species by descent is essentially unchanged in contemporary phylogenetic diagrams and their conceptualization (Figure 2A). When compared with a time-lapse visualization of bacteria evolving against an antibiotic gradient (Figure 2B), what we see are not stick figures but fans of selected clones followed by expansion, apparent neutrality being manifest in the symmetry of each fan’s outgrowth. The accumulation of neutral diversity in the outgrowth is invisible to the eye, but certainty of its occurrence follows from the very property that Darwin precisely articulated in the final paragraph of his Origin of Species as inheritance with variability. Evidence of accumulated invisible diversity during clonal outgrowth is revealed when the expanding edge of growth reaches a higher concentration of antibiotic. At the point where a more resistant clone has occurred, it is selected at the border and the outgrowth scenario iterates.

NGS approaches to microbial metagenomics where each molecule is sequenced separately are amenable to direct measurement of variation in microbial and viral populations, thereby giving precise instantiation to Eigen’s quasispecies. Most sequence variation is likely to be neutral, as Kimura first proposed. A series of sequences across a horizontal line in the bacterial experiment would presumably manifest as a cloud in the manner of Eigen’s quasispecies. Virus outbreak sequences such as HIV and SARS-CoV-2, could also be interpreted as quasispecies as well as the more usual approach as phylogenetic trees, which are optimal for epidemiological tracing (Hadfield et al., 2018).

A gedanken experiment follows. Consider two sets of metagenomic microbiome sequences, i.e., every bit of DNA and RNA sequence that can be obtained from an environmental or medical sample. Map each metagenome in sequence space. They will form a universe of galaxies. Compare the two universes that came from applying similar sequencing and analysis methods to different samples. Suppose that the galaxies coincide. The maps are congruent with respect to the center of all galaxies. However, suppose in one case the galaxies are bigger and more diffuse. What would this mean? The more diffuse galaxies imply more neutral accumulation, which implies that the population has existed longer without going through conditions that enforce sequence uniformity. The compactness of galaxies would be a measure of how recently populations have been through conditions that enforce sequence uniformity. There will be further information if the variance within galaxies that are OTUs within a sample tend to be similar and whether they tend to be similar among different samples. This would be the microbial and viral analog of the analysis that led to the conclusion that the extant population of most animal species is within an order of magnitude similar to humans in terms of age or number of generations since their mitochondria passed though conditions that led to sequence uniformity.

Sequence uniformity in a population can come about via different mechanisms including: (a) Clonal bottlenecks (b) Selective Sweeps or (c) Sorting. These mechanisms sometimes overlap and they cannot be distinguished within the sequence-clustering context discussed here [A more extensive discussion can be found in the section “Conditions that favor clonal uniformity are frequent in biology” of Stoeckle and Thaler (2018)].



TWO IMPERFECT APPROACHES TO AN INTERESTING AND IMPORTANT QUESTION

Learning the direction and pace of microbial change in biodiversity is predicted to be a key parameter for better understanding all evolution and better thinking about human futures. Both of the approaches proposed here are indirect and imperfect. However, they correlate with the first derivative of microbial biodiversity as it changes over time. The first approach follows from the reasoning of Kimura and Luria and Delbrück to be the integral of the mutation rate and the number of generations since a population originated from a single sequence. This is a measurement of vertical evolution. The second is to inventory elements of horizontal gene transfer, e.g., the origin of transfer for promiscuous conjugative plasmids and transducing bacteriophage that harbor eubacterial or archaeal sequences in their capsids.

A key shortcoming of the proposed approaches, because they try to extract all their information from only a single time point, is that they are insensitive to the loss or gain of an entire group. If an entire group has become extinct, then it is by definition impossible to assay the variation within it. Conversely, when a group is within the sample, it is impossible to say whether or not it was not in the sampled ecosystem previously, e.g., a year ago. This insensitivity to large-scale changes appears (at this moment) to be an insurmountable weakness of any method based on sampling only a single moment in time. In situations where it is possible to take multiple measurements at different times, it will be worthwhile to inquire if and under what specific circumstances measurements indicative of the rate of change within existing populations correlate with the loss or gain of entire groups. The hygiene hypothesis and its intellectual descendant, the disappearing microbiota hypothesis, assert that over years and generations the taxonomic diversity of human microbiomes has been on a downward trajectory that negatively impacts health (Finlay et al., 2021).

These questions, framed here in the context of microbial diversity, are familiar concepts and controversies regarding macroscopic plants, animals, and the relationships between population and evolutionary processes.



INCREASING MICROBIAL BIODIVERSITY AND DECREASING ANIMAL AND PLANT BIODIVERSITY?

Microbes are sometimes thought of as living fossils (Schopf et al., 2015). Some “big history” views imply that microbial evolution must be finished or insignificant because eukaryotes culminating in humans with culture and science now cut the edges of evolution (Chardin, 1959; Marchetti, 1983). Concepts of hierarchical evolution may be biologically inaccurate and lead to flawed interpretations and predictions.

A complication to global thinking is that the derivative of microbial biodiversity is not the same everywhere. On the contrary, trends in microbial biodiversity are situation and context specific. Human gut bacterial diversity is reported to be taxonomically decreasing (Finlay et al., 2021). On the other hand, the diversity of SARS-CoV-2 is increasing, although understanding the phylogeny and significance of variants is difficult (Morel et al., 2020; Mascola et al., 2021). Approaches for analyzing microbial biodiversity are context specific, and new efforts will be needed to synthesize them.

Consider a scenario in which global microbial biodiversity increases while plant and animal diversity decreases (a quite plausible condition for the world in which we live). Does it matter? Might there be consequences for possible human futures? Most variation in evolution is neutral and has no selective consequence. Nevertheless, variation is the raw material from which new evolutionary possibilities are made. Microbial novelty might alter macroscopic ecosystems. It is worth considering how this change might occur. New human pathogens might arise. Prediction is not perfect, but possibilities merit thought. The cyberneticist Ashby framed a context between competitors each of which is considered to be or to possess an array of variety (Ashby, 1952). Each element of variety in one competitor’s array is countered by an element in the other competitor’s array. The advantage in Ashby’s game goes to the competitor with the most variety. As Ashby famously put it, “Only variety can destroy/absorb variety.” Serious thought should be given to consideration of whether Ashby’s metaphor aptly describes human interactions with the microbial world.

If Ashby’s game theory is apt, then it would benefit our side of the competition, the EMDO team, to identify and enhance our own relevant variety. The metaphor encourages the proposal that human needs might be well taken care of while leaving much of our biosphere in a wild, and biologically more complex, state (Waggoner et al., 1996; Wilson, 2016).
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