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ABSTRACT 

Minimal Genomes Simplify the Analysis of Biological Relationships in Medicine, Taxonomy, Ecology, and 

Astrobiology (December 2017) 

Rafael Humberto Antonio Deliz Aguirre, B.S., Baylor University; 

Chair of Committee: Dr. Sebastian Schmidl 

 

As humans, we continuously thrive to determine meaningful biological relationships between living 

things on the basis of specific characteristics. Taxonomy is the science that studies these connections for the 

purpose of naming and grouping organisms as well as identifying logical clusters (i.e, clade). Its origin may be 

traced as far back as ancient Greece and beyond, and while we explore species diversity, most of our attention 

focuses on the biomedical and ecological applications of taxonomy. The contemporary taxonomical revolution 

began with Carl Linnaeus. He established the principles of binomial nomenclature and taxonomical hierarchy 

that we employ now. Relationships were later drawn as tree diagrams whose order described the evolutionary 

development of species but the branch distances didn’t accurately reflect time. With Charles Darwin, genetics 

started to play a larger role in taxonomy, and cladograms were determined using relatedness. The rise of 

bioinformatics in the last century facilitated to calculate species divergence, resulting in accurate visuals of 

complex branch distances in the form of phylogenetic trees. Finally, the genomics revolution provided a wealth 

of information, but its sheer endless amount of data has been challenging to process. As a consequence, our 

ability to unfold the mysteries of biological evolution remain limited by technology since multi-species 

comparisons remain computationally intensive. To solve this problem, we used a new computational approach 

that is based on the analysis of organisms with small genomes to construct evolutionary relationships. Minimal 

genomes contain mostly the core set of genes, allowing the investigation of the origin of life, evolutionary 

connections, and potential antibiotic targets. By comparing genomics data of minimal genomes from all 

sequenced phyla, we observed that these organisms reflect the diversity of their genomically larger counterparts 

including GC content, proteins per megabase (Mb), and 16S rRNA relationships. Thus, minimal genomes are 

suitable to use in taxonomy studies. 

We also compared the 16S rRNA of all species of the phylum Tenericutes as described in the Bergey’s 

Manual as well as the proteomes from all mammalian Mycoplasma species. The Tenericutes, commonly known 

as “mycoplasmas,” are bacteria that lack a cell wall, have notoriously small genomes, and are AT rich. Our 

results demonstrated that phylogenies at small scales are alarmingly contingent upon the sequence alignment 

algorithms that is used. In addition, comparison of the 16S rRNA of all Tenericutes revealed that these 

organisms are paraphyletic. Proteome alignments found computed homologs lacking. However, 16S rRNA 

data combined with statistics on host range, geographical distribution, and habitat (e.g., host organ system) 

revealed that there are common features within the clades that may be helpful for taxonomy studies. 
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Furthermore, our data supports the intention of other scientists to reorganize the taxonomy of the 

Mycoplasmatales order and its type species. Minimal genomes are therefore a source of untapped potential. 
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GLOSSARY 

Cladogram: Tree diagram of inferred or arbitrary relationships. 

Complex organic molecule: In the astrobiological sense we employ, it means an organic molecule with 

multiple carbons. 

Conserved gene: Gene present in multiple organisms that share sequence identities. 

Convergent evolution: Independent evolution of similar features. 

Dendrograms: Tree diagram (cladogram) where hierarchy is emphasized but not weighted. 

Essential genes: Genes whose knockouts are lethal. 

Genome: Set of all genes in an organism. 

Genotype: Genetic makeup of an organism. 

Homologous genes: Genes that share sequence and function. 

Minimal genome: A genome with a reduced or atypically low number of genes. 

Molecular cloud: Interstellar cloud whose increased density permits the formation of molecules. 

Mycoplasmas: When in plural, bacteria without a cell wall of the phylum Tenericutes. 

Percent identity: Percent of identical DNA or amino acid letters. 

Percent coverage: Percent of the sequence that share similar or identical identities. 

Phenotype: Visual expressions of the genes that are proteins, typically. 

Phylogram: Tree diagram similar to the dendrogram but with calculated relationships that represent 

evolution. 

Prokaryote: Domains Archaea and Bacteria; organisms that lack membrane-bound organelles. 

Proteome: All proteins from an organism. 

Species: We adopt Bergey’s Manual definition, that is, >1% 16S rRNA difference if rRNA is the only resource 

available from that organism, or <70% DNA-DNA hybridization. 
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INTRODUCTION 

We will now discuss in a little more detail the struggle for existence. 

— Charles Darwin’s On the Origin of the Species [1] 

 

Looks can be deceiving. Bacteria and humans may look nothing alike—our individual volumes are nine 

orders of magnitude apart—but when we look at our proteins, we find a world of parallels [2–4]. But what 

makes a bacterium a bacterium? Or what is the difference between Enterobacteria and Mycoplasma species? 

These questions were originally answered using phenotypic variations, visual appearances of heritable factors 

called genes [5,6]. With the beginning of the molecular biology revolution during the Cold War, genotypes 

superseded phenotypes. To better understand the nomenclature of bacteria, we shall first dive into the history 

of microbial taxonomy. Then, we shall explore how we can establish relationships among bacteria and lastly, 

we shall examine the implications of taxonomic studies beyond naming and classification. 

“Divide and Conquer:” A Brief History of Microbiology & Taxonomy 

What’s in a name? That which we call a rose by any other word would smell as sweet. 

— William Shakespeare’s Romeo and Juliet, Act II, Scene II [7] 

The Dutch Golden Age 

The field of microbiology has its roots in the Netherlands in 1674. The Dutch Golden Age was at its 

peak when Antonie van Leeuwenhoek discovered by accident microbes, which he called animalcules [8,9]. Van 

Leeuwenhoek was a Delph tailor. As such, he used lenses for examining the quality of fabrics. Ever curious, he 

began to look elsewhere with his lenses. Unlike today’s microscopes, van Leeuwenhoek’s microscope had no 

interchangeable glass slides. Thus, to preserve the specimen, a new microscope had to be made. Van 

Leeuwenhoek, wishing to reexamine his samples and perhaps out of thriftiness considering his socio-economic 

status, developed a taste for lens making. His lenses became more and more powerful. Estimates place the total 

magnification of his lenses somewhere between 200-500 times [9,10]. In total, van Leeuwenhoek produced 

more than 566 lenses over his 50 years in research, though only nine survived [11]. His detailed accounts of his 

observations reached the ears of the Royal Society of London [12]. Overcoming his humble status as a mere 

merchant, van Leeuwenhoek found a place in the Royal Society of London despite his lack of knowledge of 

scholastic Latin and the rivalry between his native country and the British Empire due to the West Indies trade. 

The instrumental Society translated and disseminated his work [13], however not everything ran smoothly. 

Originally, van Leeuwenhoek’s work was met with skepticism, and the Royal Society of London asked for  

__________ 

This thesis follows the journal model of the Public Library of Science.  
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witnesses to confirm his observations [14]. After satisfying the Royal Society with witnesses, channels of 

communication opened, and over 200 letters were exchanged. Unfortunately, the skill of making powerful 

lenses was a secret that van Leeuwenhoek took to the grave, and with it, microbiology to an extent. Much 

speculation exists on whether he grinded the lenses or made droplets by melting a glass filament [15,16]. 

Whichever the case may be, microbiology suffered an interruption. It took another 150 years to reach van 

Leeuwenhoek’s magnification power again [16,17]. 

Half a century after van Leeuwenhoek, in 1735, the Swedish scientist Carl Linnaeus traveled to the 

Netherlands to advance his work on taxonomy. After quickly completing his medical degree at Harderwijk (a 

diploma mill at the time), Linnaeus went to Leiden [18]. There, he became acquainted with Johan Frederik 

Gronovius and Isaac Lawson, both who would fund Linnaeus’ Systema Naturae, a treatise on taxonomy which 

established the binomial system of today. Linnaeus met with Herman Boerhaave, an esteemed physician and 

botanist who would later aid Linnaeus in establishing his eminence [19–22]. Having been set on the path to 

success at the Netherlands, Linnaeus returned to Sweden and rose through the ranks. He was appointed rector 

Magnificus of Uppsala University in 1750, 1759, and 1772 for six-month terms [23]. In Systema Naturae’s 10th 

edition, published in Stockholm in 1758, the animalcules found a home in the genus Volvox of the kingdom 

Animalia, phylum Vermes, class Zoophyta [24]. It marked the first time that a microbe had a taxonomical name. 

This classification was made possible with earlier drawings by microscopist Henry Baker [25]. 

Developments in the Kingdom of Prussia of the German Empire 

One century later, microbiology was on the rise again in Prussia, now Germany. The word bacteria was 

first used by Christian Gottfried Ehrenberg in 1838, when he coined the term from the Greek word “bakteria,” 

meaning little stick. In 1866, Ernst Haeckel united bacteria with the “blue-green algae” (i.e., cyanobacteria) to 

the phylum Monera of the kingdom Protista in an attempt to erase the boundaries between life and the abiotic 

[26,27]. Thus, Protista would include unicellular organisms and simple multicellular organisms [28]. With the 

exceptions of the work of Felix Dujardin and Christian Gottfried Ehrenberg, bacterial taxonomy was 

disorganized at this point in history, resulting in plenty of overlapping terms for the same species [29]. This was 

further complicated by the works of C. A. Theodor Billroth, Lev Cienkowski, Ray Lankester, Carl von Naegeli, 

Eugene Warming, and Wilhelm Zopf, all who hypothesized that the endless diversity of bacterial morphologies 

represents just different developmental phases of the same bacterium [30]. Around 1868, Ferdinand Cohn, the 

first person to notably classify bacteria as plants, began sorting bacterial species based on morphology, 

systematically classifying them as sphaerobacteria (round) under the genus Micrococcus, microbacteria (short rods) 

under the genus Bacterium, desmobacteria (long, filamentous rods) under the genera Bacillus and Vibrio, and 

spirobacteria (spiral or screw-like) under the genera Spirillum and Spirochaeta [26,31]. To this day, the simplistic 

terms cocci (round), bacilli (rods), and spirilli (spirals) are still used to describe bacterial morphologies [32,33]. 
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Bacteria are difficult to observe using light microscopes without staining the cells. The Gram stain was 

invented near the morgues of Berlin in 1883 [34]. Hans Christian Joachim Gram, working under Carl 

Friedländer, accidentally discovered a technique that would make bacteria distinguishable from their host under 

the microscope [35]. Friedländer recognized that without this stain, bacteria could not be differentiated from 

human cells. This revolutionized microscopy dramatically since bacterial cells were nearly invisible before this 

invention. Earlier in 1863, von Waldeyer found that hematoxylin, a natural dye brought to Europe by the 

Spanish conquistadors, was useful in staining human nuclei but couldn’t distinguish bacteria from human tissue 

[36]. Moreover, cell staining had been attempted as early as the 17th century, when Antonie van Leeuwenhoek 

would use saffron to dye muscle fibers [37]. The Gram stain would further split bacteria into two groups: the 

crystal violet absorbing Gram-positives and the Gram-negatives that cannot absorb the former stain [38]. To 

date, the Gram stain remains a valuable diagnostic tool at the clinic, competing with molecular diagnostics, and 

is often times the first step in the path to identify a patient’s pathogen due to its quick and easy application as 

well as the correlation with contemporary taxonomy [39]. 

Robert Koch, using his own staining methods, decisively determined that bacteria cause diseases, giving 

rise to the germ theory, and the development of the Koch postulates (also known as the Henle-Koch postulates) 

in 1884: (1) correlate, (2) isolate, (3) inoculate, and (4) re-isolate and inoculate the bacterial species associated 

with disease [40,41]. These postulates, which provided an explanation to disease, rose from earlier concepts 

written by Edwin Klebs, a pathologist and disciple of Rudolf Virchow, and Jakob Henle, an academic advisor 

to Koch while he was training at the University of Göttingen [42]. Henle had proposed in 1840 that bacteria 

should be isolated and studied separately to prove if they cause disease [40,42]. With this in mind, Koch sought 

to isolate pure bacterial cultures between 1876 and 1884, and succeeded thanks to Fanny Hesse, one of his 

technicians who was also married to one of Koch’s post-doctoral fellows, Walther Hesse. The Hesse family 

suggested to try agar instead of gelatin which melts at body temperature and had been extensively used but with 

poor results by Koch [43]. The work of Koch gave support to earlier claims of rival Frenchman Louis Pasteur. 

Between 1860 and 1864, Pasteur conducted experiments establishing cause-effect relationships between 

bacteria and disease, respectively, but failed to provide a mechanism, which Koch later found [44]. Koch and 

Pasteur shifted the field of microbiology from plain microscopy to pure culturing. 

Defining the Prokaryotes 

Bacteria were elevated to the rank of kingdom in 1938 when Herbert Copeland proposed that the 

phylum Monera be reformed as kingdom Monera, capturing all organisms void of a nucleus [45]. Herbert 

Copeland’s idea was an elaboration partily motivated by the works of his father, Edwin B. Copeland. Edwin 

Copeland argued for a third kingdom, that of bacteria, in What is a Plant? [46] However, Edwin Copeland did 

not provide enough reasons as to why merit a separation of bacteria from other kingdoms. 
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Three centuries had elapsed since the discovery of microbiology and a question as simple as “What are 

bacteria?” could not be answered definitively, not until 1962 when Cornelis B. van Niel and a former student 

of his, Roger Y. Stanier, published The concept of a bacterium [47]. This paper gave birth to the prokaryote-

eukaryote dichotomy we know, and separated the two by the absence or presence of a nuclear envelope, 

respectively. Though the duo cite Edouard Chatton as the father of the dichotomy, there is not enough evidence 

pointing Chatton as the father [26,47,48]. Jan Sapp, a historian who focuses on biology, calls this misattribution 

a mythological tale [48]. 

Instead, if not Haeckel, then it was Edmund Beecher Wilson the one who argued for the separation of 

non-nucleated from nucleated life forms with the understanding that life forms with membrane bound nuclei 

were the more advanced forms [26,49]. In 1896, Wilson said bacteria may be completely different from other 

life forms, yet he recognized the limitations of the microscope, as described by Ernst Abbe in 1873, and was 

cautious enough to say “if this identification [of the nucleus] is correct” [49,50]. We further elaborate that the 

dimensions of Escherichia coli are around 1µm by 2 µm [51]. Light microscopes have a wavelength range from 

380 nm to 750 nm, and a resolution of roughly 200 nm. Therefore, observing bacteria using light microscopes 

is challenging. The issue would be further compounded by any attempts to observe smaller structures in 

bacteria. Cell nuclei measure between 2-10 µm, and have a correlation with its genome size, 1bp being roughly 

equal to 1nm3 [51]. Therefore, observing nuclei in smaller genomes, say E. coli str. K-12 substr. MG1655, would 

theoretically mean a 0.207 µm diameter nucleus, which would thus require an electron microscope to observe 

such fine detail and reach solid conclusions [52]. The electron microscope wasn’t invented until 1931 by Ernst 

Ruska and Maximillion Knoll [53]. In synthesis, bacterial nuclei couldn’t be confirmed before the transmission 

electron microscope. 

It should be noted that Stanier and van Niel make no mention of the Monera nor the Copelands in 

their 1962 paper [47]. Most likely this was due to the objective of the paper, which was to describe cellular 

structures and not taxa [26]. Moreover, the duo had discussed taxonomy, including Herbert Copeland, two 

decades before in Main Outlines of Bacterial Classification [54]. 

Taxonomy would be remodeled again in 1969 by Robert H. Whittaker [28]. As an ecologist, he stressed 

function in classification. For this reason, he carved kingdom Fungi [55]. He also supported Copeland’s Monera 

after the 1962 paper by Stanier and van Niel received widespread acceptance, and added that the Monera were 

not monophyletic [28]. This view was well received and persisted until 1990 [6]. 

The last major, widely-accepted change in taxonomy would be delivered in 1977 by Carl R. Woese and 

George E. Fox and accepted in 1990 [6,56]. The Cold War had pushed towards a molecular biology agenda, 

focusing energies in biology down to cellular structures [55]. Riding this new wave, Carl R. Woese decided to 

focus on the ribosome. He noted that after performing 2-D electrophoresis with an rRNA T1 RNase digest, a 

“fingerprint” would be produced [56]. These blots were quantified and led to one of the first quantitative 
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phylogenetic “trees” (it was originally published as a table) [57]. With it, Woese was able to demonstrate that 

the prokaryotes were not a cohesive group after discovering that Archaea were a distinct group [6]. 

Since Woese, other taxonomic proposals at the kingdom level have emerged, notably, those of Thomas 

Cavalier-Smith [58–60]. Recently, Ruggiero, also collaborating with Cavalier-Smith, compiled 138 sources and 

united them in the Catalogue of Life [61]. Most of these new taxonomies are focused on microorganisms, have 

seen multiple conflicting edits, and have varying degrees of acceptance [60,62–64]. 

Like the ideas set forth by Linnaeus, current classification of microbes rely on characterizing the 

organism, biochemically nowadays. With current technologies, most dissections require a considerable number 

of monoclonal copies up in the millions in order for it to be studied. Despite advances in microfluidics that 

have allowed single-cell studies and culturing of fastidious organisms, most microbes haven’t been able to be 

cultured, thereby experimented on [65–70]. At present, 99% of the microbial world remains unculturable and 

unknown, a phenomena known as the “Great Plate Count Anomaly.”[71–74] The 16S sequence remains as 

pivotal as ever in classifying unknown life forms [75]. 

Interconnecting the Living with Phylogenetics 

Though this be madness, yet there is method in’t. 

— William Shakespeare’s Hamlet, Act II, Scene II [76] 

Pre-Darwinian Linnaean Phylogenetics 

The idea of classifying things could be tied to our primitive need for language, that is, to name things 

and organize thoughts for communication purposes [77–80]. For Carl Linnaeus, this drive was further catalyzed 

by Christian philosophy at the time. The son of a Christian pastor, Linnaeus was taught by his father, Nils, that 

everything had a name, as Genesis 2:19 says, “So from the soil Yahweh God fashioned all the wild animals and 

all the birds of heaven. These he brought to the man to see what he would call them; each one was to bear the 

name the man would give it” [23,81]. He was also taught that studying nature equated to admiring God’s work 

[82]. Not surprisingly, the twelfth edition of Systema Naturae opens with an allusion to the works of God, “How 

countless are your works, Yahweh, all of them made so wisely! The earth is full of your creatures” (Psalm 

104:24) [81,83]. This was the original motive for establishing the Linnaean taxonomic system. However, it must 

be noted that this method was not essentialist nor arbitrary. Linnaeus recognized that there were patterns in 

nature, evident in his grouping of plants according to the morphology of their sexual organs (e.g., flowers) [84–

86]. 

Darwinian Phylogenetics 

Charles Darwin recognized that the patterns, or “endless forms most beautiful”, Linnaeus had 

observed were because there had been common ancestor between the different species, and that time led to 
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variation [1,87]. Darwin incorporated evolution into taxonomic trees, or the “Tree of Life,” as he would call it 

On the Origin of the Species [1]. Darwin was aware of his limitations, and prophetically said to Huxley on a letter 

written on 1857, “The time will come I believe, though I shall not live to see it, when we shall have very fairly 

true genealogical trees of each great kingdom of nature” [88]. 

Computational Phylogenetics 

As early as the 1950s, large computers would be employed for storing biological data. However, it was 

not until the 1960s that it became increasingly apparent that crunching biological data by hand would be 

impractical. Therefore, the machine, which was becoming more accessible, entered the lab. Frederick Sanger 

pioneered protein sequencing. Between 1951 and 1953, he published the complete sequence of insulin [89–93]. 

This feat would earn Sanger the 1958 Nobel Prize in Chemistry [94]. He then attempted to sequence RNA by 

refining his insulin sequencing methods. Sanger succeeded in determining the 5S rRNA sequence of E. coli, a 

120 nucleotide sequence, in 1968 [95]. After, Sanger tried DNA sequencing [96,97]. He succeeded. This 

accomplishment would earn him his second Nobel Prize in Chemistry in 1980 [98]. 

At the same time, Margaret Oakley Dayhoff, the mother and father of bioinformatics, championed the 

use of computers in biology early on [99,100]. Though her contributions to science are numerable (e.g., one 

letter amino acid codes, thermodynamic models for planetary atmospheres), of notable importance to this thesis 

is her use of protein sequences to deduce phylogenies back in 1966 and draw them in 1969 [101–108]. 

Carl Woese was able to fulfil Darwin’s prophecy of “fairly true” phylogenetic trees during the 1970s. 

As previously discussed, Woese originally used blots of rRNA digests to establish phylogenetic relationships 

among bacteria [56]. Eventually, DNA sequences coding for the 16S rRNA were used [109]. The benefits of 

the 16S are numerable [110]. As a core gene, it is ubiquitous, with sufficiently conserved regions to permit the 

design of universal primers [111–115]. The 16S has retained its function. It is long enough (1,500 bp) to permit 

comparisons [116]. It allows for molecular sequences and not morphologies, fossil records nor biochemistries 

to determine relationships [6]. However, it does not account for horizontal gene transfer [117]. Horizontal gene 

transfer has also been noted within segments of the 16S, that is, homologous recombination within the 16S has 

been observed [118]. There are also multiple copies of the 16S within the same genome in the majority (75%) 

of bacteria with considerable differences above the species threshold (1.3% different) in a minority (3.4%) of 

the duplicate cases, or 2.5% overall [119]. Nevertheless, the 16S rRNA remains the gold standard for drawing 

quick phylogenies, perhaps more appropriately termed the “silver” standard if we consider DNA-DNA 

hybridization [109,116,120–124]. 

Other ubiquitous, conserved core genes have been proposed for drawing phylogenies, that is, 

relationship trees. Not surprisingly, most of these alternatives serve as targets for broad-spectrum antibiotics 

due to their conserved features. To name a few genes used in phylogenies that also relate to antibiotics are the 

following: rifamycins target RNA polymerase gene rpoB; quinolones target DNA topoisomerase gene parC and 
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DNA gyrase A and B genes gyrA and gyrB, respectively; kirromycin, enacyloxin, pulvomycin, and GE2270 (also 

called as MDL 62,879) target Elongation Factor Tu gene tuf [125–127]. The 16S itself also has drugs that target 

it, including tetracyclines and aminoglycosides [128]. Therefore, phylogenetics and drug discovery in the form 

of broad-spectrum antibiotics go hand in hand. 

The most notable alternative to the 16S has been the rpoB gene which encodes for the β subunit of the 

RNA polymerase, a molecule responsible for transcription [129,130]. The rpoB gene, suggested as both, a 

supplement and an alternative, offers the benefit of having only one copy per genome [130–133]. The sequence, 

whose length is around 3411-4185 bp, offers better resolution at the species level than the 16S rRNA, which is 

around 1541 bp long [130,134]. The integrity of the RNA polymerase can be validated in silico through the 

detection of nonsense mutations (premature stop codons) after being electronically translated. However, a 

major drawback of rpoB is that no universal PCR primers have been found because it lacks conservation beyond 

the phylum level. Unfortunately, as Woese notes, there is “No consistent organismal phylogeny has emerged 

from the many individual protein phylogenies so far” [135]. 

A more radical approach to phylogenetics would be to think outside sequences. Matrix-assisted laser 

desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) data is growing, mainly due to its 

ability to resolve strains. At present, most trees drawn with MALDI-TOF MS are focused on species. Mass 

spectrometry trees using digests have been explored and deemed plausible [136]. However, they remain to be 

evaluated beyond the family rank. 

Defining Parameters in Computational Phylogenetics 

Comparing nucleic acid or protein sequences is at the core of current biology. Its goal is to identify 

similarities for deducing relationships as well as functional and structural similarities. 

What is a Species? 

The definition of a species is of contentious debate in biological taxonomy and philosophical ontology, 

ranging from the conjecture that species are a made-up concept down to the Darwinian belief that species exist 

in nature [137–156]. Many, including Woese, note that horizontal gene transfer and homologous recombination 

make “fuzzy” species [137–141]. Others note that defining organismal species depends on the definition of the 

word “species” [152,153]. Mayden has identified over 22 definitions of species [155,157]. 

Darwin was aware of the species definition issue, and wrote to Hooker in 1856, noting that there are 

different notions of what a species is, perhaps because it is indefinable [88]. On the Origin of the Species (1859), he 

noted that the term species is arbitrary, but that there is an greater picture, like stars forming constellations [1]. 

When it comes to the 16S rRNA, various thresholds based on percent identity (i.e., percent similar), all 

≥95%, have been suggested for defining species [110,116,158,159]. These studies have used an almost 

universally agreed 70% threshold for the labor intensive DNA-DNA hybridization (DDH), the “real” gold-
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standard (versus rRNA) for species identification, and in silico DDH or whole-genome sequences comparisons 

as a reference points [160–162]. Mycobacterium chelonae and Mycobacterium abscessus have 16S sequences that are 

99% similar, yet exhibit 35% similarity in DDH [160]. 

Performing Alignments 

The question of how do we determine percent identities in sequences must be then considered for it 

has a great impact on the classification of species. Various methods and “providers” exist for comparing DNA, 

RNA, and protein sequences. As previously discussed, these have been employed in the study of taxonomy and 

phylogenies since the late 1960s by Margaret O. Dayhoff. Starting with the The European Molecular Biology 

Laboratory: The European Bioinformatics Institute (EMBL-EBI) based in Germany, this institute offers web 

servers for conducting multiple sequence alignments (MSAs) using Clustal Omega, Kalign, Multiple Alignment 

using Fast Fourier Transform (MAFFT), Multiple Sequence Comparison by Log-Expectation (MUSCLE), 

MView, and T-Coffee [163,164]. The Computational Biology Research Consortium based in Japan offers their 

authored MAFFT [165,166]. The United States’ National Center for Biotechnology Information (NCBI) 

Genome Workbench may be combined with MUSCLE as provided by the source, Edgar, to produce trees and 

alignments [167,168]. The Centre for Genomic Regulation (CRG) based in Barcelona offers T-Coffee as well. 

Multiple sequence alignments assume that there is homology between the input sequences. They use 

sum of pair scores to decide which alignment is best. This matrix aggregates identical letters and penalize gaps 

and mismatches. Broadly speaking, there are global methods that are highly accurate but slow, and there are 

heuristic methods that represent a compromise between quality and speed. Our aforementioned MSA methods 

are heuristic, meaning that they compute scores in blocks. In terms of pairwise alignment methods, there are 

global and local approaches. Global pairwise alignments attempt to align two sequences from start to end. The 

local pairwise alignment, as the name implies, aligns two sequences by identifying highly similar subsets. At 

present, most MSA methods rely on progressive methods, meaning a combination of these two approaches 

[169]. The first program to use progressive methods was Clustal Omega [170]. Alternatively, star alignments 

find the most similar sequence to all others, and then uses it as an anchor for spotting the differences between 

the other sequences. 

When A, B, and C are compared, three alignments may be performed: A-B, A-C, and B-C. A-B and 

A-C alignments imply an indirect B-C alignment that may not be similar to a direct B-C comparison, thus 

association fallacies are of concern. Looking for consistent patterns within associations, T-Coffee was 

developed [171]. To refine the alignment, iterations may be performed. This was the reasoning behind the 

creation of MUSCLE [168] and MAFFT [172]. A drawback to them is that errors are propagated, especially 

with gaps, and like the butterfly effect, minuscule differences may lead to completely different products.  

When dealing with closely related sequences, DNA works best at finding the differences. Inversely, 

when dealing with distantly related sequences, comparing amino acids is the best approach. To improve results, 
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scoring may be adjusted, combined, and weighted. Gap penalties are also a useful parameter as once a gap is 

declared in an iteration, it is always a gap. Adjustments to these include penalizing gaps in hydrophobic regions 

differently from hydrophilic regions. 

Drawing Trees 

Plotting phylogenetic trees has been done since 1801 [173]. Nowadays, trees are done using a variety 

of methods, including whole-genome alignment trees [174] and aggregate ribosomal alignments [175]. 

Quantitatively speaking, there are numerable ways to represent relationships. Maximum parsimony, based on 

Occam's razor also known as the “law” of parsimony, focuses on the simplest tree that has the least number of 

common ancestors. It may be computed in a variety of ways. When only a handful of organisms are present, a 

brute-force search may be performed, testing for all possible trees. For more complicated trees, heuristic 

searches are conducted. In either case, its final tree is meaningful, but time consuming. When a draft is desired, 

distance matrix methods such as neighbor joining (NJ) are desirable for their speed [176]. 

Going Small with Minimal Genomes 

Natural Minimal Genomes 

There are two kinds of minimal genomes. A minimal genome may be interpreted as the smallest 

genome size or it could mean a self-sustaining autotroph with the least amount of genes. We opted for the 

former definition: small genome size, regardless if it is parasitic or not. We opted to study these because 

determining conclusively that the minimal genomes represent a compendium of larger genomes. They offer the 

advantage of naturally selecting core genes through a process called reductive evolution. Owing to their reduced 

genome size, they are far less computationally intensive. For this reason, we decided to focus our studies on 

minimal genomes. 

The minimal genome approach could have perceived drawbacks. More specifically, Drake (1991) 

noticed that the genome size and mutation rates are inversely proportional, that is, minimal genomes are highly 

mutated in microbes [177–180]. This is known as “Drake’s rule.” However, Lynch suggests that it might be an 

incomplete picture since it does not fit well with eukaryotes nor prokaryotes, unless bacteriophages are counted 

in [181,182]. 

Comparative studies on minimal genomes elute the most conserved genes. Genes identified this way 

may certainly be used for a multitude of fields. Essential, conserved genes are oftentimes used as antibiotic 

targets in drug discovery, as previously highlighted. Inversely speaking, identifying non-conserved genes could 

help us tap into new antibiotics. Genes present in a phyla can serve as markers and identify species and strains, 

just like rpoB, thereby cost-effectively resolving taxonomic issues. Conserved genes can also be used for 

deducing the genome of protobionts, including the Last Universal Common Ancestor (LUCA), and help 
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explain abiogenesis. In line with astrobiology, knowing what genes are necessary to constitute life could aid in 

space exploration by searching for said genes elsewhere and test the panspermia hypothesis. Noting that the 

abundance of the chemical elements are conserved throughout the Universe, cosmic convergent evolution is a 

possibility [183]. We have already observed evidence that demonstrate that amino acids, including glycine, are 

found in space in places like the Moon, comets, space dust, meteoroids and Enceladus (Saturn's moon) [184–

189]. Other astronomically complex organic molecules such as alcohols, carboxylic acids, esters, nitriles, and 

epoxides have also been observed in molecular clouds and protoplanetary disks [190–193]. 

The Tenericutes, Otherwise Known as the Mycoplasmas 

The Tenericutes, commonly called the mycoplasmas, have notoriously small genomes. The first 

acknowledgement of the existence of them was in 1898, when Nocard and Roux isolated the first Tenericute, 

bovine Mycoplasma mycoides [194]. For half a century, they were known as pleuropneumoniae-like organisms 

(PPLO), and were thought to be taxonomically unique. Klieneberger (1930) suggested that they were simply 

bacteria lacking cell walls living symbiotically with other, walled bacteria, and that mycoplasmas were not as 

unique as previously thought [195,196]. The conflicting views were reconciled in the 1960s, when the guanine-

plus-cytosine (GC) content assays and DNA-DNA hybridization assays showed that mycoplasma were indeed 

unique, and electron microscope images showed that they lack a cell wall. Dienes and Edsall (1937) detected 

the first mycoplasma isolated from humans in a Bartholin’s (vaginal) gland abscess, possibly Mycoplasma hominis 

[197]. By the 1950s, a group of genitourinary mycoplasmas now known as Ureaplasma had been described. 

Eaton et al. (1944) isolated Mycoplasma pneumoniae, then known as Eaton agent [198,199]. To date, this “maiden-

name” is still used in some circles. From the 1950s to the 1960s, field studies proved that Eaton agent caused 

lower respiratory tract infections. However, it was considered to be viral up until antibiotics were shown to be 

effective against it. Marmion and Goodburn (1961) suggested that the Eaton agent was a PPLO [200]. Chanock 

et al. (1963) cultured the agent on cell-free medium and proposed the current taxonomic designation, M. 

pneumoniae [201]. 

Phylum Tenericutes only has one class, Mollicutes. All share a lack of cell wall as a hallmark. The term 

mycoplasmas has been synonymous with bacteria without a cell wall. Yet, there are other bacteria that lack a 

cell wall, but this is believed to be a transient state for non-Tenericutes. Most are fastidious organisms of 

unusually small dimensions and genome size. Mycoplasma genitalium is one of the organisms with the smallest 

dimension and fewest genes in the world. They were believed to have evolved through reductive evolution 

from Gram-positive Firmicutes, hence their minimal genomes. They are part of the normal flora of many 

vertebrates, living commensally among them. Occasionally, they become parasitic when they invade other 

organs that they’re not normally part of. The reason behind this remains unknown. A few other are known to 

be saprotrophic (eat decaying matter). Colonies are transparent in solid media, appearing like a fried egg under 

the microscope. There are five orders under the Mollicutes, most have only one family under them and two 
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genus. The exception are Entoplasmatales, which have two families under them. Entoplasmatalaes. Below are 

the different sub-categories (Fig. 1). Hereinafter, the Tenericutes information displayed was obtained from the 

Bergey’s Manual [202]. 

 
Fig. 1. The Tenericutes cladogram. From left to right, phyla, class, order, family, and genus at the extreme 

right. The Tenericutes are paraphyletic, from genera to orders. The phylum type species, Mycoplasma mycoides, is 

genetically an Entomoplasmatales. Branch distances not used. Cladogram tree drawn using Microsoft Word. 

 

The type order are the Mycoplasmatales. The bases UGA code for tryptophan, unlike most organisms 

which UGA represents a stop codon. This exception to the universal codon code has been seen in other 

organisms with small genomes, but there is no concrete evidence that this has to do with adaptation [203]. They 

require sterol to grow. Most infect vertebrates. Morphologically, they are spherical to filamentous. Its only 

family is Mycoplasmataceae. There are three genera under the Mycoplasmataceae. Mycoplasma is the type genus, 
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and Mycoplasma mycoides the type species. These are non-motile and found mostly in vertebrates, except 

Mycoplasma iowae and Mycoplasma equigenitalium. Around 133 Mycoplasma species exist, with another 19 candidates 

pending confirmation. Thirteen are known to affect humans, two affect primates in general and Mycoplasma 

haemofelis is believed to also affect humans. Mycoplasma exhibit a high degree of host specificity. Ureaplasma are 

highly similar to Mycoplasma. They are able to hydrolyze urea. Lastly, Candidatus Hepatoplasma is present in 

blood. 

Acholeplasmatales is another order under the Mollicutes, and they only have one family, 

Acholeplasmataceae. They require no sterol for growing, hence their name, “a”, no, “chole”, sterol. The bases 

UGA code for a stop codon in the Acholeplasmatales. Genus Acholeplasma affects animals. It is non-motile and 

can produce fatty acids from acetate. Candidatus Phytoplasma is a proposed genus that affects plants, typically 

the phloem. It is nutritionally fastidious, hence its candidate designation. They have a characteristic 16S DNA 

sequence that sets them apart: 5’-CAAGAYBATKATGTKTAGCYGGDCT-3’. Many have plasmids. 

Anaeroplasmatales is the third order we’ll discuss, which only has family Anaeroplasmataceae. They 

are strictly anaerobe, hence their name. Genus Anaeroplasma requires sterol, is non-motile and like many 

anaerobes, most ferment. The other genus is Asteroplasma which requires no sterol and has a higher GC content.  

Order Entoplasmatales infect arthropods and plants. Codon UGA transcribes tryptophan. Family 

Entomoplasmataceae are non-helical, non-motile. Their phylogeny overlaps with Mycoplasma. Its type genus, 

Entoplasma, requires sterol for growth, and is believed to arise in plants due to insect transmission. These bacteria 

are filterable. Mesoplasma require no sterol, but need polyoxyethylene sorbitan to be cultured. Mesoplasma pleciae 

may be an Acholeplasma because UGG codes for tryptophan and it has no known pathogenecity. The other 

family under Entoplasmatales are the Spiroplasmataceae. As its name implies, their morphology is spiral. Its 

only genus Spiroplasma is composed of motile bacteria. Its colonies look diffused in solid media. They are 

pathogenic and localized in insect guts and plant surfaces. They are also susceptible to viruses. Interestingly, 

the disort sex ratios in Drosophila. 

Synthetic Minimal Genomes 

There are various projects for developing synthetic bacteria. They have made extensive use of minimal 

genomes. The J Craig Venter Institute developed Mycoplasma laboratorium from Mycoplasma capricolum and M. 

mycoides [204,205]. The Mycoplasma offers the advantage that it already has a small genome and tools are readily 

available for its manipulation [206]. Another ongoing project for creating artificial life is miniBacillus, which 

uses Bacillus subtilis as the backbone for a minimal genome [207]. 

Unifying Concepts 

If an elderly but distinguished scientist says that something is possible, he is almost certainly right; but if he says 

that it is impossible, he is very probably wrong. 
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— Arthur C. Clarke [208] 

Philosophy of Language and Its Implications in Taxonomy 

Contemporary biological taxonomy started out as a contemplation of the works of God. Nowadays, it 

is a field at the core of biology and clinical medicine. Whereas taxonomy, like language, is socially constructed 

by men, nature is built on evolution. Therefore, we must be cautious and say that at present, no taxonomical 

system, word or visual representation may be able to faithfully reproduce the relationships that exist among 

living organisms. There is no ideal word or language capable of containing all concepts tied to an organism into 

its name in this physical world at this time, not unless we consider philosophical idealism or computer 

simulations, in which case, bacteria are computer codes. 

Like computer coding, we have to focus taxonomic nomenclature on intent. What is it that we are 

trying to say when we name bacteria? At present, most of this means rRNA correlations. In the near future, 

that may mean whole-genome sequence correlations, reviving DNA-DNA hybridization with the in silico twist. 

Whichever the case, there is still a need for “adjectives” such as blaCTX-M-15 to indicate the presence of a β-

lactamase (bla) first identified in Munich, (M) prevalent everywhere but in Spain that confers resistance to third 

generation β-lactams like ceftriaxone (CTX), to organisms like Klebsiella pneumoniae [209,210]. Lengthy, but 

cryptic descriptors such as these are commonly encountered in clinical microbiology and represent our best 

attempt yet at describing things in biomedicine. 

Words are image projections in our brains, as postulated by philosopher Ludwig Wittgenstein and later 

confirmed by neurobiology [211]. Words also represent relationships. For example, the words chess, checkers, 

poker, baseball, and basketball all evoke the concept of games. Zooming in, we notice that these also possess 

strategy, patience, rules, and competitions with winners and losers. We must think of organisms and taxonomy 

in a similar fashion, as networks of relationships and common features, beyond the scope of hierarchies and 

cladograms. 

Taxonomy is in a way biologically ingrained. Neurobiological experiments have shown visual 

categorization in the brain of nonhuman primates [212–215]. This could suggest a biological need for 

categorizing. Language, representing the images in our brains, therefore reflects these broad neural 

categorizations. 

Aims 

We used bacteria with the smallest genome size for our concept of minimal bacterial genomes, and not 

autotrophic cells that are self-sufficient and require the least from their environment. We wanted to determine 

which genes are present in most living organisms [205,216–219], and not how many genes are required to 

sustain life. Morowitz (1984) had suggested to use Mycoplasma spp. as model organisms for life in the form of 

minimal metabolism [220]. However, tt quickly became apparent through our independent analysis of 
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proteomes and 16S rRNA sequences that the Mycoplasma spp. are paraphyletic [221]. Therefore, since we found 

few sequenced species grouping together in clades, we opted for the big picture. As a result, we examined the 

most minimal genomes from each bacterial phylum recognized by the Bergey’s Manual. This novel method takes 

advantage of reductive evolution, which eliminates all but the most essential genes, while accounting for the 

rich diversity of lifeforms found in domain Bacteria. 

Comparative genomics (in silico) methods like ours offer cost-effective solutions for identifying core 

and essential genes [205,217,218,222]. Its predictive abilities may be combined with in vitro methods for further 

validation and site-directed mutagenesis. Other alternatives to identify essential genes exist, namely conservative 

and replicative transposon mutagenesis, antisense RNA, suicide plasmids [218], and CRISPR [223]. Their 

advantage is tempered by the time investments and financial resources needed to implement them. 

This project focused solely on the viability of comparative genomics for obtaining core and essential 

genes in the context of minimal genomes. Several observations and conjectures exist for minimal genomes, 

including that they’re biased towards becoming AT rich [203,224,225], and that their mutation rates are higher 

[177]. 

We hypothesized that minimal genomes share features with their larger counterparts. We expected to 

observe conservation of phylogenies [175] unaffected by mutation rates, and that despite the AT bias, using 

bacteria from all phyla would nevertheless produce GC contents ranging between 25-75% [226,227].  
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RESULTS 

Minimal Genomes 

We studied the most minimal genomes (n=131) in twenty-nine (29) of thirty (30) phyla recognized by 

the Bergey’s Manual. The remaining phylum has no sequenced organisms. At least one species was selected from 

each phyla. We sampled 4.5± 2.5 species per phylum. The average genome size of our samples were 2.32± 1.44 

Mb. Descriptive statistics are on Table 1. 

The smallest characterized genome in our study belongs to Mycoplasma parvum (564kb) of the 

Tenericutes (i.e., mycoplasmas) which also had the least amount of genes at 568, and the largest minimal 

genome in a phyla belonged to Sphingobacterium sp. ML3W (5.33 Mb) of the Sphingobacteria which was the 

runner-up in terms of most genes (4530). Gemmatirosa kalamazoonesis KBS708 of the Gemmatimonadetes had 

the most genes for a minimal genome in a phyla (4567). The lowest GC content belonged to Blattabacterium sp. 

(Blaberus giganteus) of the Bacteroidetes (25.7%) followed closely by Mycoplasma parvum str. Indiana (27.0%), 

and the highest GC content was registered for Phycisphaera mikurensis NBRC 102666 of the Planctomycetes 

(73.3%) followed by Gemmatirosa kalamazoonesis KBS708 of the Gemmatimonadetes (72.6%). More details on 

the most minimal sequenced genome for each phyla is available on Table 2. The correlation between number 

of genes and genome size is consistent with previous findings (Table 3, Fig. 2). We compared genome size to 

the number of coding proteins per Mb, GC content,  and GC content to number of proteins and number of 

coding proteins per Mb (Fig. 3). We drew trees to include phyla, GC content and genome size (Fig. 4). Most 

phyla shared clades in the tree. Minimal genome histograms were drawn, focusing on genome size, gene count, 

GC content, and gene size (Fig. 5).  

The Tenericutes 

We studied most Tenericutes species (n=275) with 16S rRNA sequences available. Species discovered 

 

Table 1. Descriptive statistics for minimal genomes. Computed with IBM SPSS. 

 

N Range Minimum Maximum Mean Std. Deviation 

Statistic Statistic Statistic Statistic Statistic Std. Error Statistic 

Genome size (Mb) 118 6.92 .56 7.48 2.3218 .13313 1.44613 

GC Content (%) 118 47.60 25.70 73.30 45.4220 1.16876 12.69599 

Coding proteins per Mb 118 496.60 570.25 1066.85 886.6746 8.00888 86.99870 

Genes 118 6291.00 2.00 6293.00 2074.3559 107.14881 1163.93398 

Proteins 118 5717.00 483.00 6200.00 2017.5424 105.42665 1145.22657 

rRNAs 117 25.00 .00 25.00 6.4444 .41637 4.50372 

tRNAs 118 88.00 .00 88.00 43.8051 1.09965 11.94522 

Other RNAs 109 5.00 .00 5.00 2.0000 .11363 1.18634 
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Organism Phyla Accession 
Size 
(Mb) G+C (%) Protein rRNA tRNA 

Other 
RNA Gene 

Pseudo-
gene 

Mycoplasma parvum str. Indiana Tenericute NC_022575.1 0.56 27.0 526 0 0 0 568 0 
Blattabacterium sp. (Blaberus giganteus) Bacteroidetes NC_017924.1 0.63 25.7 569 3 33 1 610 4 
Borreliella chilensis Spirochaetia CP009910 0.90 28.5 805 5 31 1 846 4 
Candidatus Xiphinematobacter sp. Idaho 
Grape Verrucomicrobia NZ_CP012665.1 0.92 47.7 799 3 45 2 864 15 
Tropheryma whipplei TW08/27 Actinobacteria NC_004551.1 0.93 46.3 833 3 51 1 889 1 
Chloracidobacterium thermophilum B  Acidobacteria NC_016025.1 1.01 61.2 778 - 4 - 811 29 
Chlamydia avium 10DC88 Chlamydiae NZ_CP006571.1 1.04 36.9 831 3 39 1 937 63 
Uncultured Termite group 1 bacterium Elusimicrobia NC_020419.1 1.13 35.2 761 3 45 - 809 - 
Dialister pneumosintes Firmicutes NZ_CP017037.1 1.27 35.2 1164 16 53 4 1251 14 
Sneathia amnii Fusobacteria NZ_CP011280.1 1.33 28.4 1234 10 36 1 1296 15 
Dehalococcoides mccartyi CG5 Chloroflexi NZ_CP006951.1 1.36 47.2 1392 3 46 1 1449 6 
Candidatus Atelocyanobacterium thalassa 
isolate ALOHA Cyanobacteria NC_013771.1 1.44 31.1 1133 6 37 4 1217 37 
Thermocrinis albus DSM 14484 Aquificae NC_013894.1 1.50 46.9 1567 3 43 1 1626 12 
Caldisericum exile AZM16c01 Caldiserica NC_017096.1 1.56 35.4 1483 3 46 3 1550 15 
Thermodesulfobacterium geofontis OPF15 Thermodesulfobacteria NC_015682.1 1.63 30.6 1608 3 46 2 1682 23 
Thermotoga naphthophila RKU-10 Thermotogae NC_013642.1 1.81 46.1 1768 3 46 2 1856 37 
Thermus thermophilus HB8 Deinococcus-Thermus NC_006461.1 1.85 69.5 1908 6 47  1980 19 
Thermanaerovibrio acidaminovorans DSM 
6589 Synergistetes NC_013522.1 1.85 63.8 1730 9 50 4 1821 28 
Dictyoglomus turgidum DSM 6724 Dictyoglomi NC_011661.1 1.86 34.0 1742 6 46 1 1865 70 
Chlorobium phaeovibrioides DSM 265 Chlorobi NC_009337.1 1.97 53.0 1765 3 45 3 1830 14 
Calditerrivibrio nitroreducens DSM 19672 Deferribacteres NC_014758.1 2.16 35.8 2030 6 40 2 2092 14 
Leptospirillum ferriphilum ML-04 Nitrospirae NC_018649.1 2.41 54.6 2361 6 49 1 2462 45 
Desulfurispirillum indicum S5 Chrysiogenetes NC_014836.1 2.93 56.1 2616 9 37 2 2705 41 
Chthonomonas calidirosea T49 Armatimonadetes NC_021487.1 3.44 54.6 2807 4 46 1 2908 50 
Phycisphaera mikurensis NBRC 102666 Planctomycetes NC_017080.1 3.80 73.3 2955 3 46 2 3063 57 
Fibrobacter succinogenes subsp. 
succinogenes S85 Fibrobacteres NC_017448.1 3.84 48.0 3078 9 58 1 3159 13 
Gemmatirosa kalamazoonesis KBS708 Gemmatimonadetes CP007128 5.31 72.6 4513 6 48 - 4567 - 
Sphingobacterium sp. ML3W Sphingobacteria NZ_CP009278.1 5.33 37.0 4359 25 88 1 4530 57 

 

Table 2. Most minimal sequenced genome per phylum. Data sorted in Microsoft Excel. 

 
Table 3. Pearson correlations in minimal genomes. 
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Fig. 2. Pearson correlations between minimal genomes metrics. (A) Positive correlations in green, and 

negative correlations in red. (B) The p-values are in green, darker shades indicating larger p-values. Genome 

size is significantly (α=0.05) correlated with all parameters (Fig. 3A, 3B, 3E), except rRNA counts. Similarly, 

GC content is significantly correlated with all parameters (Fig. 3C-3E), except coding proteins per Mb and 

rRNA counts. rRNA counts were only significantly correlated with tRNA counts. Values obtained from IBM 

SPSS. 
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Fig. 3. Plots of statistical correlations with linear regression lines. (A) Smaller bacterial genomes have 

more coding proteins per Mb (“DNA fragment”) than larger bacterial genomes (p=0.0003, R2=0.1087,  

y=-19.83x+932.7). (B) The larger the genome, the more proteins. (C) A higher GC content does not mean less 

coding proteins per Mb (p=0.2023, R2=0.01398, y=-0.8101x+923.5). (D) Nevertheless, GC content and 

protein count are statistically correlated (p<<0.0001, R2=0.274, y=47.22x-127.1). (E) Smaller genomes have an 

AT bias (p<0.0001, R2=0.2637, y=0.05849x-0.3351). Plots drawn with GraphPad Prism. Detailed correlation 

statistics are on Fig. 2B. 
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Fig. 4. Trees of minimal bacterial genomes based on 16S rRNA alignments. Input sequences were at 

least 1275 bp long, and the average was 1450 bp. (A) Unrooted phylogram. Phyla are together in cohesive 

clades. (B) GC contents are diverse in the minimal bacterial genomes from each phyla. Grey lines at every 20% 

increment. (C) Minimal genomes genome size. Grey lines at every Mb. Alignments done in EMBL using 

MAFFT. Trees drawn using iTOL. 
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Fig. 5. Histogram plots for minimal genome data. Normal curve drawn on top of histogram. Histograms 

and normal curves plotted using IBM SPSS. 
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after 2013 were not included. We also excluded 16S sequences shorter than 1.1kb. We drew trees to illustrate 

in which continent the species was discovered, host classification, genus, and order (Fig. 6), localization of 

species within host (Fig. 7A), GC content (Fig. 7B), genome size (Fig. 7C). 

Categorical data was illustrated in pie charts (Fig. 8), and compared to quantitative data (Fig. 9). Half 

(49%) of the discovered Tenericutes species were isolated from mammals, followed by plants (18%). 

Tenericutes are rarely found on environmental samples. A histogram of the genome size and GC content was 

also performed (Fig. 10A, 10B). These were compared to each other (Fig. 10C). Species discovery followed an 

exponential trend, reaching plateau this decade (Fig. 10D). We observed clades within the Tenericutes tree not 

consistent with its naming, and therefore drew an unrooted tree (Fig. 11). 

 
Fig. 6. The Tenericutes order, genus, continental discovery place, and hosts. Tree represents 16S rRNA 

alignment using EMBL’s MAFFT. Innermost ring contains the phylogenetic trees with representative branch 

distances in circular form. The next ring contains the species name, and its shade is the organism order. 

Mycoplasmatales are paraphyletic. The next ring is the genus, which further suggests no cohesive nomenclature. 

The second to last ring is the continent it was isolated from, and the last one is the host. Tree drawn in iTOL. 



www.manaraa.com

 
 
 

22 

 

 
Fig. 7. Phylogenetic trees of the Tenericutes. Based on 16S rRNA data. (A) Localization of Tenericutes 

within hosts. GI refers to gastrointestinal system.(B) GC content in Tenericutes. Zeroed at 19%. Grey lines are 

increments of 20%. (C) Tenericutes genome size within phylogram. Zeroed at 0.5Mb. Grey lines at 0.5Mb and 

red lines every 1Mb. Alignments done in EMBL MAFFT. Trees drawn using iTOL.  
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Fig. 8. Pie charts of qualitative Tenericutes data. (A) Continental origin, (B) host, and (C) order. Pie charts 

computed using IBM SPSS. 
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Fig. 9. Box plots of Tenericutes data. X-axis displays in (A)(B) Continental origin of samples, (C)(D) host 

classification, and (E)(F) order. Y-axis displays in (A)(C)(E) genome size and in (B)(D)(F) GC content. (A) 

African Tenericutes have less genome size variance, and Asian Tenericutes are generally smaller in genome size. 

(B) African Tenericutes have less GC contents, while Asian Tenericutes have higher GC contents. (D) 

Fish/crustacean Tenericutes have lower GC contents, while arthropods have the highest. (E) Mycoplasmatales 

have genome sizes with the least variance while Acholeplasmatales have the most variance. (F) Mycoplasmatales 

generally have less GC content, while Acholeplasmatales have the most. Box plots drawn using IBM SPSS. 
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N Range Minimum Maximum Mean Std. Deviation Variance 

Statistic Statistic Statistic Statistic Statistic Std. Error Statistic Statistic 

GC Content (%) 207 20.70 19.30 40.00 28.1478 .22429 3.22702 10.414 

Genome Size (kb) 128 3058.54 345.97 3404.50 958.0176 30.46574 344.68053 118804.664 

Valid N (listwise) 122               

 

Table 4. Descriptive statistics of the Tenericutes. GC content and genome size are correlated. Pearson 

correlation of .191, p=.037, significant at the 0.05 level (2-tailed). Statistics run on IBM SPSS. 

 
Fig. 10. Quantitative Tenericutes data. (A)(B) display histograms with normal curves on top. Normal 

distribution observed in (A) genome size and (B) GC content. (C) GC content compared to genome size in 

Tenericutes. Smaller genomes are AT biased. (D) Decade Tenericutes species were discovered. Despite the 

advances in genomics, discoveries have suffered a hiatus since the 2000s. (A)(B) computed in IBM SPSS, and 

(C)(D) in GrapPad Prism. 
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Fig. 11. Unrooted Tenericutes Tree with clades circled. Five clades were observed and numbered from 1-

5. Clade 2 has Mycoplasma spp. that infect the blood. Clade 3 contains extremophiles. Clade 4 contains 

Tenericutes that use the universal codon table. Clade 5 contains the type species, Mycoplasma mycoides. Based on 

phylogenetics, the Tenericutes have nomenclatures that not reflective its evolutionary history. Instead, 

nomenclature is arbitrary, especially for the Mycoplasmatales. Tree reflects 16S rRNA alignment done in EMBL 

MAFFT. Tree drawn in iTOL. 

Whole-genome alignments for human-pathogenic Tenericutes revealed relative close-relatedness (Fig. 

12A). However, whole-genome alignments for mammalian Tenericutes displayed extensive horizontal gene 

transfer events (Fig. 12B). Proteome alignments place certain Tenericutes distant from the rest, notably 

Acholepasma. This is consistent with 16S data. 
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Fig. 12. Mauve proteome alignments. Either the Mycoplasmatales are distantly related or their nomenclature 

is not representative of its genetic relationships. (A) Human-pathogenic Mycoplasmatales proteome alignment. 

(B) Mammalian Mycoplasmatales proteome alignments. Mauve is a software from the Darling Lab. 
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Codon usage was analyzed to compare AT rich Tenericutes with UGA codons transcribing for 

tryptophan against other organisms and mitochondria (Figures 13-15). Yeast mitochondria have AUA 

transcribing for methionine (Met, M); CUU, CUC, CUA, CUG are threonine (Thr, T); CGA, CGC are absent. 

Vertebrate mitochondria have AGA and AGG transcribing for a stop codon (Ter, *), AUA codes for 

methionine (Met, M), and UGA codes for tryptophan (Trp, W). In human (Homo sapiens) mitochondria, AUA 

and AUU are alternative initiation codons. In mice mitochondria (Mus musculus), AUA, AUU, and AUC are 

alternative initiation codons. 

 
Fig. 13. Heatmap of the number of AT bases in codons. Horizontal numbers 1-3 indicate number of AT 

bases in each codons. Red shades indicates more codons containing that number of AT. A uniform shade like 

in human indicates equal representation of AT and CG in protein codons. Mycoplasma spp. have more red in 

column 3, indicating that most expressed proteins use 3 AT bases in each codon (3bp) each. Borrelia spp. display  

a similar AT-rich pattern. (A) AT content by species. (B) Genetic code by AT content heatmap. Red indicates 

percentage of codons, x-axis indicates genetic code and y-axis indicates number of bases that are AT. Heatmap 

drawn using GrapPad Prism. 
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Fig. 14.  Codon use heatmap. Codons sorted by hydrogen bonding, nucleobases appearing in the following 

order: cytosine (C), guanine (G), adenine (A) and thymine (T). Codons sorted from right to left, the first sorterer 

being the third  (i.e., wobble, 3’ end of the mRNA) position of the codon, then the middle or second position, 

and lastly, the first and leftmost codon position (5’ end of the mRNA). Whereas darker shades indicate that the 

codon is least frequently used, redder shades indicate higher frequencies of that codon. Legend indicates codons 

used per thousand coding basepairs. (A) Organisms using the universal codon table are somewhat GC biased. 

Though mitochondria and some Teneritutes share UGA coding for tryptophan, there is no AT bias for codons 

in vertebrate mitochondria. However, yeast mitochondria are AT biased. To enhance contrast, probabilities 

greater or equal to 50 codons per thousand basepairs were pure red. (B) Borrelia spp. and Mycoplasma spp. are 

AT biased at the wobble position, thus from the left to the middle of the chart, most codons near black, while 

redder shades extend from the middle to the right. For (B), codons greater or equal to 60 codons per thousand 

basepairs are indicated in red. The threshold was applied to enhance visibility. The heatmap was drawn using 

GrapPad Prism. 
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Fig. 15. Heatmap of amino-acid use based on codons. Amino-acid frequency per thousand amino-acids. 

Darker shades indicate rarer amino-acids. (A) Even though Mycoplasma spp. and mitochondria have an 

additional codon for tryptophan (Trp), UGA, there is no drastic increase in tryptophan. Groups by genetic 

codon tables. (B) Organisms sharing common genetic codon tables have similar profiles. Heatmaps drawn in 

GraphPad Prism. 

Other Comparative Studies on the 16S rRNA and Proteomes 

From a bioinformatics perspective, there are nearly endless ways DNA sequences may be analyzed. 

We compared alignment methods (i.e., algorithms) such as MAFFT, MUSCLE and T-Coffee offered through 

different servers like EMBL for tree rendering purposes (Fig. 16). It appears that phylogenetic trees, or the 

evolutionary narrative to an extent, vary from to alignment method to alignment method. The 16S rRNA 

narrative of T-Coffee is most similar with the proteome data (Figures 16, 17). We also drew an unrooted tree 

to include all of our minimal genomes, labeled as Bacteria or Tenericutes, representative species from the 

Archaea and Eukarya domains (Fig. 18). 
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Fig. 16. Multiple sequence alignment comparisons. Different phylogenies drawn using different algorithms 

(e.g., MAFFT, MUSCLE), tree methods (e.g., neighbor-joining), and service providers (e.g., EMBL, CBRC). 

Alignments run as indicated. Trees drawn with iTOL. 
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Fig. 17. Computed homolog heatmaps. (A) Number of genes in common between Tenericutes and other 

reference bacteria. In parenthesis is the number of proteins in the reference organism. Cutoff at 800. Separation 

by Mycoplasma clades, Gram-positive and Gram-negative. (B) Percent of genes in common between Tenericutes 

and other reference bacteria. Heatmap color cutoff at 50%. Separation by Mycoplasma clade, Gram-positive and 

Gram-negative. Homologs are from CoreGenes 3.5, recorded in Microsoft Excel, and heatmap drawn with 

GraphPad Prism. 
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Fig. 18. Unrooted tree of all domains. In red are the minimal genomes, and in yellow, the Tenericutes. The 

Tenericutes are phylogenetically distinct. Aligned in EMBL’s MAFFT, and tree drawn in iTOL 
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Phylum Tenericutes displayed less variable regions than the minimal genomes of domain Bacteria 

(Figures 19, 20). We also tested 16S rRNA virtual universal primers for trimming sequences (Table 5). Variable 

region 4 and 6 (V4, V6) contain the most conserved sequences that are ideal for universal primers. This was 

followed by variable regions 3, 5 (V3, V5). Inversely, variable region 1, 7, 8, and 9 (V1, V7-V9) are sub-optimal. 

Nevertheless, primer 27F of the V1 and 1492R of the V9 remain popular choices for detection of microbial 

communities and medical diagnosis. 

 

 

 
 

 

Fig. 19. Histograms of the most frequent base at each position. The alignment results used for drawing 

the phylogenetic trees were the same ones used for computing these variable regions displayed above. The 

peaks indicate variance, higher peaks (hills) indicating more variance and valleys (dips) indicating conserved 

regions. Variable regions are ideal for determining the identity of the organism, while conserved regions are 

best suited for primer binding. Variance is the moving average per 10bp periods of percent variability. Red line 

is at 25% variability. Blue shade indicates variable region (≥25% variability). Variable Transition (VT) region is 

a transition we found consistently between V4 and V5. V1 contains the highest variance by percentage, whereas 

V2 represents its largest extension. More details in Table 6.  The alignment used for drawing this variability 

histogram was EMBL’s MAFFT with 100 iterations. Alignments were converted to numbers and separated into 

cells. Escherichia coli was used as a reference, and only bases aligning with E.coli were kept. Modes at each base 

position, counts of the mode at each base position, and moving averages of 10 bp periods were calculated in 

Microsoft Excel. (A) Variable regions in minimal genomes. (B) Tenericutes. Tables were transposed and 

exported to GraphPad Prism.  
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Table 5. Descriptive statistics for the variable regions. There were a total of ten variable regions identified 

in this study. The parameters used for determining variable regions were variability of moving averages of 

≥25% and gaps of ≤10bp. The longest variable region was V2. Based on the area under the curve, V2 also 

encodes the most information for a variable region, containing 18-24% of all variability within variable regions. 

The runner-up for most information in a variable region was in V1. A primer pair spanning from V1 to V3 will 

contain 51.4% of all variance in minimal genomes and 42.2% of variance in Tenericutes. The shortest variable 

region was the Variable Transition (VT) region. The two most universal primers 515FB and 926R (Table 6) 

cover region V4 to V5. These represent 17.1% and 22.8% of all variance in minimal genomes and Tenericutes, 

respectively. 

 

Minimal Genomes 
 

Variable 
Region 

E.coli 

Range N (bp) 

Gaps 

(bp) Mean 

Std. 

Deviation Q1 Q2 Q3 

Area 
under the 

curve 
(Mean*N) 

Area 
under the 

curve  
(%) 

Statistic Statistic Statistic Statistic 

Std. 

Error Statistic Statistic Statistic Statistic Statistic Statistic 
V1 62-107 46 6 0.627 0.035 0.235 0.567 0.675 0.824 28.9 0.141 
V2 127-254 128 38 0.379 0.021 0.232 0.170 0.438 0.576 48.6 0.238 
V3 450-511 62 18 0.444 0.033 0.261 0.210 0.549 0.682 27.5 0.135 
V4 602-686 85 35 0.301 0.023 0.216 0.070 0.342 0.496 23.8 0.116 
VT 747-763 17 8 0.279 0.048 0.199 0.101 0.327 0.435 4.74 0.023 
V5 837-869 33 11 0.379 0.037 0.212 0.208 0.442 0.556 6.44 0.032 
V6 1011-1059 49 7 0.466 0.025 0.173 0.392 0.523 0.587 22.8 0.112 
V7 1130-1186 57 29 0.263 0.026 0.200 0.085 0.230 0.442 15.0 0.073 
V8 1260-1309 50 24 0.265 0.029 0.208 0.035 0.279 0.436 1.32 0.006 
V9 1426-1499 74 19 0.341 0.020 0.176 0.240 0.327 0.481 25.2 0.123 

 
 

Tenericutes 

 

Variable 
Region 

E.coli 

Range N (bp) 

Gaps 

(bp) Mean 

Std. 

Deviation Q1 Q2 Q3 

Area 
under the 

curve 
(Mean*N) 

Area 
under the 

curve  
(%) 

Statistic Statistic Statistic Statistic 

Std. 

Error Statistic Statistic Statistic Statistic Statistic Statistic 
V1 62-91 30 6 0.599 0.069 0.377 0.349 0.572 0.988 18.6 0.160 
V2 172-239 68 25 0.330 0.025 0.207 0.105 0.383 0.490 21.4 0.184 
V3 455-482 28 13 0.323 0.043 0.228 0.176 0.322 0.468 9.1 0.078 
V4 605-667 63 29 0.282 0.031 0.247 0.012 0.297 0.486 17.8 0.153 
VT 742-751 10 4 0.267 0.062 0.197 0.107 0.299 0.442 2.7 0.023 
V5 828-860 33 11 0.459 0.057 0.330 0.156 0.465 0.742 6.0 0.052 
V6 1030-1044 15 10 0.393 0.115 0.443 0.031 0.148 0.992 5.9 0.051 
V7 1134-1174 41 19 0.260 0.031 0.197 0.082 0.254 0.375 10.6 0.091 
V8 1261-1277 17 8 0.300 0.059 0.244 0.012 0.340 0.508 5.1 0.044 
V9 1440-1499 60 26 0.317 0.025 0.190 0.172 0.285 0.490 19.0 0.164 
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Fig. 20. Variable regions heatmap. Left (M) are the minimal genomes and to the right (T), the Tenericutes. 

In red are the variable regions and in green the conserved regions. Values are percentages in decimal. Base 

position is relative to E. coli. 
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   All Archaea Bacteria Eukaryota 

Name Sequence Matches Selected Coverage Selected Coverage Selected Coverage Selected Coverage 

515FB GTGYCAGCMGCCGCGGTAA 587 252 0.11 0.94 0.92 0.93 0.94 0.94 0.89 0.91 

926r CCGYCAATTYMTTTRAGTTT 583 847 0.10 0.93 0.90 0.90 0.93 0.93 0.92 0.92 

515F GTGCCAGCMGCCGCGGTAA 578 396 0.10 0.92 0.56 0.57 0.94 0.94 0.89 0.91 

533F GTGCCAGCAGCCGCGGTAA 564 617 0.10 0.90 0.01 0.01 0.94 0.94 0.89 0.91 

519R GWATTACCGCGGCKGCTG 540 050 0.10 0.86 0.51 0.51 0.87 0.87 0.87 0.89 
907R CCGTCAATTCMTTTRAGTTT 536 173 0.10 0.85 0.01 0.01 0.90 0.90 0.75 0.75 

518F CCAGCAGCCGCGGTAAT 527 856 0.10 0.84 - - 0.87 0.87 0.87 0.89 

806R GGACTACNVGGGTWTCTAA 522 770 0.09 0.83 0.91 0.91 0.93 0.93 - - 

806RB GGACTACNVGGGTWTCTAAT 516 234 0.09 0.82 0.91 0.91 0.92 0.92 - - 

IlluminaR GACTACHVGGGTATCTAATCC 510 061 0.09 0.81 0.91 0.91 0.91 0.91 - - 

357F CTCCTACGGGAGGCAGCAG 487 689 0.09 0.78 - - 0.91 0.91 - - 

1392R ACGGGCGGTGTGTRC 442 347 0.08 0.85 0.36 0.70 0.70 0.85 0.87 0.93 

1496R ACGGGCGGTGTGTRCAA 438 658 0.08 0.75 0.36 0.66 0.69 0.73 0.87 0.92 

1391R GACGGGCGGTGTGTRCA 436 233 0.08 0.84 0.35 0.66 0.69 0.83 0.87 0.92 

U1390R GACGGGCGGTGTGTRCAA 434 411 0.08 0.74 0.35 0.64 0.68 0.72 0.86 0.92 

CC [F] CCAGACTCCTACGGGAGGCAGC 393 385 0.07 0.63 - - 0.73 0.73 - - 

1185mR GAYTTGACGTCATCCM 387 512 0.07 0.63 - - 0.72 0.72 - - 

CD [R] CTTGTGCGGGCCCCCGTCAATTC 341 461 0.06 0.54 - - 0.64 0.64 - - 

1381R CGGTGTGTACAAGRCCYGRGA 339 084 0.06 0.57 - - 0.63 0.65 - - 

1381bR CGGGCGGTGTGTACAAGRCCYGRGA 330 078 0.06 0.56 - - 0.61 0.64 - - 

895F CRCCTGGGGAGTRCRG 321 190 0.06 0.51 0.20 0.20 0.59 0.59 - - 

905F TGAAACTYAAAGGAATTG 315 907 0.06 0.50 0.84 0.84 0.46 0.46 0.74 0.74 

27F AGAGTTTGATCMTGGYTCAG 309 429 0.06 0.50 - - 0.58 0.58 - - 

1100R AGGGTTGCGCTCGTTG 308 508 0.06 0.50 - - 0.57 0.57 - - 

16S.1100.F16 CAACGAGCGCAACCCT 308 508 0.06 0.50 - - 0.57 0.57 - - 

1237F GGGCTACACACGYGCWAC 296 340 0.05 0.48 - - 0.55 0.55 - - 

1492R (s) ACCTTGTTACGACTT 204 306 0.04 0.75 0.14 0.81 0.31 0.75 0.50 0.73 

8F AGAGTTTGATCCTGGCTCAG 112 196 0.02 0.56 - - 0.21 0.65 - - 

1492R TACGGYTACCTTGTTACGACTT 77 532 0.01 0.29 0.06 0.36 0.14 0.34 - 0.01 

1492R (l) GGTTACCTTGTTACGACTT 69 727 0.01 0.26 0.05 0.26 0.13 0.31 0.01 0.02 

1185aR GAYTTGACGTCATCCA 14 582 - 0.02 - - 0.03 0.03 - - 

EukA, 1A, Euk1F AACCTGGTTGATCCTGCCAGT 4 959 - 0.10 - - - - 0.07 0.39 

IlluminaF CCTACGGGGNGGCWGCAG 158 - - - - - - - - 

 

Table 6. Universal primers tested in silico. Test ran on SILVA using probe search (https://www.arb-

silva.de/search/testprobe/). International Union of Pure and Applied Chemistry (IUPAC) nucleotide 

nomenclature was used for the sequences portion. 515FB located between V4 and V5 had the most hits at 

587,252. The runner up was 926R at 583,847 16S or 18S rRNA matches. 926R is located between V5 and V6. 

Results were recorded in Microsoft Excel. 

 

 We also drew sequence logos to see which bases were present at which position of the final alignment 

done in MAFFT for both, the minimal genomes and the Tenericutes (Fig. 21). Interestingly, universal primer 

sequences can be seen clearly in the figures. 
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Fig. 21. Sequence logos of the 16S rRNA sequence alignments. These alignments are the same ones used 

for the trees and the variable regions. Thus, they were computed using MAFFT. (A) Minimal genomes 

alignment. (B) Tenericutes alignment. Universal primers like the 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) 

are visible. Graphics drawn with WebLogo. 
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DISCUSSION 

Minimal Genomes Conserve Phylogenies 

When examined at the 16S rRNA level, minimal genomes conserve phylogenetic relationships (Fig. 

4). Most phyla were together in clades, and appear to be congruent with other phylogenetic trees [175]. This 

suggests minimal genomes may be suitable as representatives of their own phylas for comparative studies on 

conserved genes. 

We observed a correlation between genome size, GC content, and gene count (Table 3). The smaller 

the genome size, the less genes and less proteins (p<.001). We warn that this correlation might not hold true 

with the inclusion of organisms that have lower coding densities (less than 800 proteins/Mb), including 

Eukaryotes. According to NCBI genome medians, Saccharomyces cerevisiae has 5,409 genes and a genome size of 

12.1234 Mb for a total of 446 proteins per Mb; the numbers for E. coli are as follows: 4,996 genes, 5.13829 Mb, 

and 972 proteins per Mb. Roughly speaking, S. cerevisiae and E. coli have similar protein counts, but the genome 

size is halved in E. coli. Our average protein count per Mb was 887± 87, and the genome 2.32± 1.44 Mb (Table 

1). The correlation we observed between genome size and gene count was likely formed because our study was 

limited to domain Bacteria, hence the narrow standard deviation when compared against the standard deviation 

between Saccharomyces and E. coli, which is 5.13 Mb. 

I’m AT Rich! Minimal Genomes Have Lower GC Contents 

Smaller genomes had noticeably lower GC contents (p<.001). Splitting the minimal genomes by 

percentiles, the lower 50th percentile of GC content (43.8% GC) had genome sizes of 1.74± 1.02 Mb and the 

upper 50th percentile had a genome size of 2.90± 1.58 Mb (for a histogram, see Fig. 5). The Tenericutes also 

have a reputation for being AT rich. However, this has been suggested to be feature of bacteria with small 

genome size and not necessarily the Tenericutes [203].  

This information seems paradoxical because stop codons are biased towards adenine and thymine (AT) 

[228], coding regions of the genome are biased towards GC [229–232], and the smaller the genome size, the 

higher the coding density (coding proteins per Mb) (Fig. 5) [233–235]. Furthermore, longer coding mRNAs 

have higher GC contents [228]. High mutation rates has been associated with smaller genome size [182] and 

higher AT contents [236,237]. Thus, by extrapolation combined with our observations, we can assume smaller 

genomes have higher AT contents. Indeed, this finding has been previously reported [226,227,238,239]. 

However, Hildebrand, Meyer, and Eyre-Walker suggest organisms with high point mutation rates have GC to 

AT bias, yet AT rich organisms have AT to GC bias predominantly [237], and most organisms have AT bias 

[224]. Sequencing errors, infinite sites violations, mutational biases, translational selection, or biased gene 

conversion have been discarded [224,237]. 
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The question remains, why be AT rich? Since free-living bacteria are GC rich, it has been suggested 

that competition for the resources make pathogenic bacteria select for AT [226]. Many minimal genomes are 

pathogenic [240], and minimal genomes tend to be AT rich [226,227,238,239]. Yet according to NCBI, the 

human genome has a median GC content of 40.9%; mice (Mus musculus), 42.4891%; chicken (Gallus gallus 

domesticus), 42.9197%; zebrafish (Danio rerio), 36.7687%; western clawed frog (Xenopus tropicalis), 40.5404%; 

fruitfly (Drosophila melanogaster), 41.9%; and plant Arabidopsis thaliana, 36.6%; corn (Zea mays), 46.7867%. There 

is an abundance of AT or lack of GC in the host’s environment (GC content of 41.11± 3.33% for the 

aforementioned hosts), which it is more likely to explain the AT rich pathogens than competition with the host. 

Moreover, a mere 0.3% or 200g of our body is bacteria [241,242]. If known pathogenic and opportunistic 

bacteria are considered, then the competition would seem a bit more possible, though remotely. E. coli has 

50.6% GC content; Klebsiella pneumoniae, 57.1%; Morganella morganii, 51%; Pseudomonas aeruginosa, 66.2%; 

Streptococcus pyogenes, 38.5%; Staphylococcus aureus, 32.8%. Again, a drop in the bucket if we consider masses. We 

also have to consider that the host and the minimal genomes GC contents are close (41.11± 3.33%, 45.42± 

1.17%, respectively). We also have to take into account the biological composition of our microbiota, including 

the GC content of the microbiome. 

Perhaps life respects equilibrium, hence the AT rich shift to GC and GC rich organisms to AT. After 

all, mutations happen at random. There is an equal probability of having AT or GC. This is further evidenced 

in the GC contents range of our minimal bacteria (25.70-73.30%) and the GC contents range others have found 

(25-75%) [224]. 

Warning: Computer Codes May Not Accurately Reflect Biological Relationships 

Inferred phylogenetic relationships may be contingent upon the algorithms used for multiple sequence 

alignments as well as the codes used for drawing the phylogenetic trees. We used nineteen sequences for quickly 

analyzing relationships but discovered high variation between phylogenetic trees. Therefore, we recommend 

more than nineteen (19) sequences for drawing trees. 

As the sample size increased, we noticed that published sequences in reference databases like NCBI 

and SILVA are reverse-complement sequences in relation to E. coli after observing a deep-rooted clade whose 

branches were distant from the rest of the domains. A quick fix would be to employ universal primers to detect 

direction. We recommend the 515FB primer (5’-GTGYCAGCMGCCGCGGTAA-3’). This primer offers a 

93.6% coverage of the SILVA database. It is able to detect Archaea, Bacteria, and Eukaryota. For Archaea, it 

selected 92% of the sequences and had a 93% coverage; for Bacteria, the percentages were 94% and 94%, 

respectively; Eukaryota, 89%,91.4% (Table 6). 

Alignments improve dramatically in quality when sequences are trimmed to start and end with 

conserved regions, or at least kept at similar lengths if there is only one conserved region in the sequence of 

interest. Another benefit of universal primers is that they may be used for trimming. We employed primer 27F 
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(5’-AGAGTTTGATCMTGGYTCAG-3’) and the reverse-complement of the popular 1492R (5’-

AAGTCGTAACAAGGT-3’). These two primers represented the best attempts at developing universal 

primers at the ends of the 16S, more specifically, before variable region 1 (V1) and after variable region 9 (V9). 

The Tenericutes Have Different Ancestors 

The Tenericutes were noticeably apart in renderings of only minimal genomes and minimal genomes 

plus Tenericutes using multiple algorithms. We agree that the Tenericutes are paraphyletic [221,243]. We noted 

that its species are phylogenetically distant from other sequences (Figures 4, 6, 11, 18). We observed at least 

two distinct clades, and there may be as many as five clades (Fig. 11). Some clade like clade number two (2) has 

an affinity to be bloodborne. The whole-genome alignments show few similar genes (Figures 19, 20), as did 

proteome analysis (Fig. 17). 

The most likely reason as to why “Tenericutes” exist as a taxon is because most bacteria void of a cell 

wall were lumped together, thus forming this phylum. The loss of a cell wall might have been the product of 

convergent evolution. Our proteome analysis (Fig. 12) suggest either excessive horizontal gene transfer or 

distant common ancestors. 

Stop! Why UGA Became a Tryptophan Codon in Tenericutes 

The UGA (“opal”) switch from a stop codon to a tryptophan codon is one of the most common 

alterations to the “universal” codon code, especially in bacteria [244]. In two clades of the Tenericutes, UGA 

codes for tryptophan. Either convergent evolution happened, or these organisms speciate rapidly given the tree 

distances. This low GC content has led to speculation that selective pressure converted UGA from a stop 

codon to tryptophan in a hypothesis called ‘codon capture’ or ‘codon reassignment’ [245–247]. This does not 

explain how Candidatus Hodgkinia cicadicola, a GC rich organism, switched UGA to tryptophan [248]. 

Speculation exists that this codon change has to do with selective pressure since the AT rich genome 

would prefer UGA over UGC, yet eukaryotic mitochondria also have UGA coding for tryptophan, yet they are 

not AT rich [249]. For example, the mitochondrial GC content of the human mitochondria is 44.4%; mice (Mus 

musculus), 36.7%; chicken (Gallus gallus domesticus), 46.0%; zebrafish (Danio rerio), 39.6%; western clawed frog 

(Xenopus tropicalis), 42.5%; fruitfly (Drosophila melanogaster), 17.8%; and plant Arabidopsis thaliana, 44.8%; corn (Zea 

mays), 38.5%. The average GC content for the these mitochondria is 38.8± 9.1%, or 3.6% below the GC content 

of their whole genomes. 

We believe that release factor 2, which is associated with UAA (ochre) and UGA (opal) stop codons, was 

lost. It is not present in Mycoplasma [250]. UAA, along with UAG (amber), is also associated with release factor 

1, is commonly seen after UGA in Mycoplasma [251]. This was the first step on the road to UGA as a tryptophan 

codon. Since the tryptophan codon UGG is similar to UGA, the difference being in the wobble position, it 

makes sense that eventually the Tenericutes made UGA code for tryptophan. This shift may also be a defense 
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mechanism against virus [252]. This does not resolve the shift of why Mycoplasmas prefer UGA for coding 

tryptophan instead of UGG, but at least, it offers an explanation for its origins. 

Who Are You? The Importance of Variable Regions in Diagnostics 

Variable regions of the 16S rRNA are segments of the genetic code (DNA, RNA) which look different 

even for closely related species. As previously discussed, there are conserved regions in the DNA that are able 

to serve as binding regions for synthetic pieces of DNA. These synthetic pieces are called primers. Primers, 

when combined with ingredients like pure cell cultures, DNA polymerase, nucleotides, salts, heat, and water, 

are able to make exponentially more copies of DNA in a process that mimics nature. With enough copies, these 

new DNA molecules are able to be visualized with a staining solution after the molecules are separated in an 

agarose gel. This process is called polymerase chain reaction (PCR). 

PCR has been a powerful tool in medical diagnosis and ecology for identifying bacteria. The 16S has 

been used because it has enough similar (conserved) sequences to permit primers to bind, yet it has also enough 

dissimilar (variable) sequences to tell apart bacterial identities (species). At present, researchers have been using 

primers to amplify the whole 16S. The problem with the said approach is that the primers used have less binding 

affinity than primers like 515FB (Table 6). In other words, many bacteria will be left out. In order to counteract 

this, a new trend in laboratories has been to use more conserved regions, but ensuring that variable regions are 

captured. In our case, we studied the 16S because we wanted to develop multiplex diagnostics. By accident, we 

discovered the importance of the variable regions. Primers for detecting species (species-specific primers) 

should be placed in these regions, while common primers should reside in conserved regions. Common primers 

may be used not only to reduce the number of primers used, but also as positive controls. The aforementioned 

separation of molecules in PCR runs logarithmically, and while we identified around eleven (11) spots where 

these primers could bind, that means that primers opposite of the common primer (not the positive control) 

would be squished together. If the DNA ran linearly within the gel, there would be no issues, but that is not 

the case. Thus, variable regions may be split to allow more species-specific primers only if they are placed near 

the common primer (again, not the positive control).  

Our study found that the most variable region was V1 (0.634), followed by V6 (0.482) and V3 (0.439) 

for the minimal genomes, and for the Tenericutes, it was V1 (0.574), followed by V5 (0.433) and V6 (0.429). 

Again putting this information in the context of medical diagnostics and ecology, primer pair 27F and 1496R 

would provide the most information if the product were to be sequenced, but these primers have low binding 

with DNA when compared to the most specific primer pair, 515FB and 926R. However, the latter offer less 

variability information (19.7% vs 27F, 1496R). Nevertheless, it may be useful for astrobiology and for searching 

lifeforms. A compromise would be 515F and 1392R (41.1%) or 357F and 515RB, which are slightly less specific 

than 515FB and 926R, but offer enough information (33.7%). We clarify that these numbers are extrapolations 
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of our findings. At present, we are working on gathering experimental evidence to confirm the binding ability 

of the primers in Table 5 and the variability as observed in Table 6. 

The Last Universal Common Ancestor 

Minimal genomes naturally select which genes to keep, and when combined with global transposon 

mutagenesis, it can offer which genes are the most essential ones for life [217]. Knowing which genes 

(conserved and essential) represent life can help us understand the nature of the Last Universal Common 

Ancestor (LUCA) [253] and the protobionts, that is, the first “organisms” or life-like organic bubbles on Earth. 

However, the definition of minimal genomes must be revisited when dealing with astrobiology. Many minimal 

genomes are pathogens [239]. That means they depend on other organisms for sustaining life. Autotrophic 

organisms with minimal genomes may reflect more accurately LUCA [254]. 

Searching for Life Outside Earth Using Minimal Knowledge 

There is a binary opposition as to the origins of Life on Earth. Either it started here or it was seeded 

from elsewhere. These ideas are called abiogenesis and panspermia [255], respectively. Aware that the origins 

of life are of contentious debate, and that the majority of biologists agree with abiogenesis [256,257], let us 

nevertheless dance on top of glass shards and entertain panspermia. If life was seeded from elsewhere, then 

our searches for extraterrestrial life should focus on the most conserved genes, which may be condensed from 

comparative genome studies. We suggest using minimal genomes for this purpose. 

On a similar note, our space exploration activities, however unlikely, may have seeded life in Mars, 

Titan, and comets through manmade landers [258,259], or even less likely through orbiters such as Cassini, 

which performed a dive through the water plumes of Enceladus [260,261]. We reiterate that safety precautions 

have been taken to prevent forward-contamination (from Earth to space), namely the United Nations (UN) 

Space Treaty of 1967 [262], the Committee on Space Research (COSPAR) Planetary Protection Policy [263], 

the Office of Planetary Protection of the National Aeronautics and Space Administration (NASA) [264], and 

the Planetary Protection Officer of the European Space Agency (ESA) [265]. Nevertheless, genes and its 

products conserved here on Earth may be used for ensuring planetary preservation and testing for biological 

contamination in outer space [258]. 

Shifting our focus to abiogenesis, we ask again, How did life on Earth start? Filtering out panspermia, 

there are plenty of models and conjectures based on abiogenesis with varying degrees of acceptance [266], 

including RNA world [267–269], Polycyclic aromatic hydrocarbons (PAH) hypothesis [270], Graded 

Autocatalysis Replication Domain (GARD) model [271], Iron–sulfur world hypothesis [272], Pyrite hypothesis 

[273], Zinc (Zn)-world hypothesis [274], Deep sea vent hypothesis [275], Thermosynthesis [276], Clay 

hypothesis [277], Deep-hot biosphere model [278], Lipid world [279], Radioactive beach hypothesis [280,281], 
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and Thermodynamic dissipation evolution [282]. While these ideas all have their differences, they all agree that 

terrestrial life begun here on Earth. Whichever the recipe for life may be, the ingredients are still the same. 

Focusing solely on the 4-5% of the Universe that’s ordinary (“baryonic” in the astronomical sense, 

atomic, normal) matter (composed of protons, neutrons and electrons) [283,284], the relative abundances of 

the chemical elements by mass fraction are around 74.91% hydrogen (H), 23.77% helium (He), and 1.33% 

heavy elements [285]. If we made a list of the ten (10) most common elements in the Universe [285] and in the 

human body [286] treating all atoms as equals (mol), five elements would be shared: H, O, C, N, and S [285,286]. 

If again, we measure atoms by mole abundances, comparing humans [286] and oceans [287,288], we find that 

we share eight out of our ten most common elements, namely H, O, C, Na, Ca, S, Cl, and K. Our body is 

composed mainly of water [289]. Not surprisingly, the composition of our bodies are most similar to Earth’s 

seawater (Fig. 23). This suggests that the relative abundance of the elements in living things are similar to its 

environment. 

 
Fig. 22. Nucleosynthesis mass by atomic number. (A) All elements. (B) Odd atomic numbers (Z) and even 

atomic numbers separated. Relative abundance based on mass fraction. Graph drawn using GraphPad Prism. 
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Fig. 23. Nucleosynthesis mole by atomic weight. (A) All elements. (B) Odd atomic numbers (Z) and even 

atomic numbers separated. Relative abundance based on mole fraction. Graph drawn using GraphPad Prism. 
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Fig. 23. Relative abundance of the chemical elements by mole fraction. (A) Universe [285], (B) human 

body [286], (C) is the Earth’s crust [290], (D) Earth’s seawater [287,288]. Humans (B) are most similar to Earth’s 

seawater (D). 

How likely is it to have a similar environment to our biosphere? While we are not going into the 

probabilities of another Earth, do consider that the chemical abundances in the planetary nebulae (where 

planets are formed) in the three spiral galaxies of our Local Group (i.e., galaxy group of over 54 galaxies which 

we belong to) are not that varied [291], just like the homogeneity observed in the universe through cosmic 

microwave background (CMB) radiation [292]. It has been suggested that the limited information we have on 

planetary nebulae be extended to all nebula [293]. Planetary nebulae offer the advantage of permitting 

spectroscopy which in turn allows us to study the chemical composition of stars (i.e., nebulae precursor) and 

these clouds (i.e., nebulae) [291,294]. Astronomical spectroscopy is an optical technique capable of resolving 

chemistries (i.e., elements, molecules) by reading the fingerprint spectral lines electromagnetic (e.g., infrared, 

visible light, ultraviolet) waves produce. For example, streetlights are sometimes orange because the heated 

sodium gas in the bulbs produce orange emissions. In a similar manner, spectrometers are able to detect the 

spectral lines of chemicals, either by reading the light emitted from heat (i.e., emission lines), or by reading the 

light absorbed from a heated object by a cold object (i.e., absorption lines). While colors may seem similar to 

the naked eye, spectrometers are able to break apart the frequencies of the light (i.e., photons) using diffraction 
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gradients and prisms. The farther away an object is, the dimmer it becomes. Therefore, spectrometry has its 

distance limitations. This is further complicated by special relativity and motion in a phenomenon known as 

the Doppler effect. Celestial bodies are not stationary. Objects moving away produce red-shifts in the spectral 

lines because the energy in the photons lower, and objects moving closer produce blue light. Exaggerating for 

blueshift, this means that our orange streetlights will now look green from the Andromeda galaxy, our 

neighboring galaxy that’s moving toward us. The Doppler effect can be corrected using parallax, but it requires 

patience as at least two measurements are needed to allow Earth to change positions. Try covering one eye at 

a time, and notice how the moon or a distant object moves positions. This is parallax. The farther the object is, 

the smaller the parallax until it becomes indistinguishable. 

Once again, assuming that stellar nucleosynthesis offers similar relative abundances of the chemical 

elements throughout the Universe, then we should give serious contemplation to the possibility of cosmical 

convergent evolution. Like birds, bats have wings. The bat ancestor, however, was an ancient mammal that 

crawled using arms, not wings. We know this because the bat wing bones and the mouse arm bones are 

morphologically similar, and the rRNA of bats look more closely related to that of mice than to any bird. The 

wings may look similar, but they have different evolutionary origins. This is called convergent evolution. 

Similarly, the same means by which life originated on Earth may recur elsewhere. The ingredients are 

already out there in space. Extra-terrestrial sugars [295], amino-acids [184–189,296], nucleobases, and water 

[260,297–305] have all been detected. Labs have demonstrated how these biomolecules may have originated 

here and across the Universe. 

Oró successfully synthesized the nucleotide adenine (A) from hydrogen cyanide (HCN), ammonia 

(NH3), and water (H2O) [306]. The Miller–Urey experiments proved that amino-acids (H2NCHRCOOH in 

most cases) can be recreated from water (H2O), methane (CH4), ammonia (NH3), and hydrogen (H2) when 

combined with a dash of electric sparks [307]. Miller later left hydrogen cyanide (HCN), ammonia (NH3), and 

water (H2O) vials in freezers, water baths and other places throughout his lab for decades. After cracking the 

vial open, Miller and his team found seven types of amino acids and eleven nucleobases [308,309]. 

Minimal genomes are important to the study of cosmical convergent evolution because the most 

conserved genes here on Earth, the “essence of life” contained within our lipid bubbles may be encountered 

again on another planet, moon or other astronomical body in a surprisingly similar fashion despite the distance. 

The most conserved genes like the 16S can reveal priority in a sea of genes for astrobiology. Heading to the 

bridge poised between astrobiology and molecular biology, we must continue exploring how complex molecules 

like the 16S rRNA evolved because unlocking our past can help us predict our futures and transform it into a 

better tomorrow. 
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CONCLUSION & RECOMMENDATIONS 

Minimal genomes conserve phylogenies. Phyla were together in clades. Trees appeared similar to 

literature trees. The Tenericutes, however, don’t conserve phylogenies, and need a new taxonomy. There are 

plenty paraphyletic cases. These relationships can lead to confusion, especially with those not familiar with 

the details of each species. Simplicity should trump complexity. The type species of Mycoplasma should be 

reassigned. The present Mycoplasma type species, Mycoplasma mycoides, has more in common with order 

Entomoplasmatales than its presently assigned order, Mycoplasmatales. There are fewer Mycoplasma spp. in 

the M.mycoides clade, hence less renaming is needed if this route is opted. 

Examining minimal genomes, we observed that smaller genomes were AT biased. Interestingly, if we 

observe the smallest genome within each phyla, the range in GC content is similar to that seen in non-

minimal genomes (25-75%). While the Tenericutes have small genomes and are AT rich, we believe that their 

altered codon table in some clades is the product of a lost release fac tor, and not from selective pressure. 

Acholeplasma spp. are Tenericutes that are AT rich, yet they have release factor 2 and use the universal codon 

table. Again, this highlights that the Tenericutes are not genetically cohesive, and that AT content did not 

drive UGA to become a tryptophan codon. Genome size and AT content are directly proportional in domain 

Bacteria. Smaller bacterial genomes had higher AT contents. The pattern was observed in minimal genomes 

and the Tenericutes when examined separately and together. 

 While it has been suggested that the Mycoplasmatales and Entomoplasmatales had codon UGA (a 

stop codon in the universal code) code for tryptophan (UGG in the universal code) because they were AT 

rich, we hypothesize that due to the extreme genome reduction, release factor 2 (recognizes UGA and UAA 

as stop codons) was lost (RF2) along with having a cell wall. Then, since UGG and UGA differ only on the 

wobble position considered, some Tenericutes made UGA a tryptophan codon.Based on our small sample 

size of Eukaryotes, nucleotide bias does not seem to hold true in domain Eukarya. If it were to be found that 

eukaryotes have a complement nucleotide pair bias, then it should be reset at each domain. 

Caution must be exercised when drawing conclusions from phylogenies based on few samples 

(n<20). There were large discrepancies between the algorithms for the select Gram-positive, Gram-negative, 

and Tenericutes we studied (n=19). Of all algorithms tested, T-Coffee combined with the 16S produced a 

phylogenetic tree that resembled most closely our proteome analysis. 

Recommendations for Future Studies 

The core and essential gene set remains to be identified in minimal bacterial genomes, and 

Tenericutes clades. These genes may be used in medicine as future antibiotic targets, in taxonomy and ecology 

as supplements to the 16S rRNA phylogeny, and in astrobiology for drawing cosmical convergent evolution 

and LUCA models. Given that the core genes in all Bacteria will probably determine the sequence of the last 
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common ancestor of Bacteria, core genes in Archaea and Eukarya should be determined, and then compared 

with prokaryotes to estimate the LUCA genome. These comparisons could also help identify the root of the 

tree of life. 

With further analysis, uniting features among the different Tenericutes clades may be found with the 

data produced as a result of this study. For example, we found a clade of Mycoplasmas that were mostly found 

in the blood of mammals. Similarly, other common characteristics may be found with more analysis. The 

neighbor-joining data should also be compared to maximum parsimony methods. Phylogenies should be 

compared with statistical methods, like the Kishino-Hasegawa test.  
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MATERIALS AND METHODS 

The Tenericutes 

Database 

A database was created in Microsoft Excel 2013 (PC) and 2016 (Mac) for all Tenericutes species, 

including candidate species. We obtained the order, family, genus, species, type strain name, ATCC strain name, 

NCBI taxonomy identification, and most 16S rRNA sequence accession numbers, all under phylum 

Tenericutes, from the List of Prokaryotic Names with Standing Nomenclature and the Bergey’s Manual 

[202,310]. We also recorded the organism code (e.g., mge for Mycoplasma genitalium) from the Kyoto 

Encyclopedia of Genes and Genomes (KEGG), [311–313] the accession number from GenBank [314] or the 

National Center for Biotechnology Information (NCBI), and the 16S rRNA sequences, genome length, GC 

content, protein, and gene count from NCBI [315]. The 16S rRNA accession numbers and sequences for 

Candidatus Phytoplasma japonicum, Candidatus Phytoplasma solani, and Mycoplasma ferirumnatoris were obtained 

from Silva [316–319]. We obtained where the organism was isolated from, including the target organ or system, 

host’s common and scientific name, family, order and class, and country where sample was acquired, from the 

literature referenced in the Bergey’s Manual, and the American Type Culture Collection (ATCC). For compact 

display purposes, country names were shortened to two-letter codes using International Organization for 

Standardization (ISO) 3166-1 alpha-2 [320]. Countries were then classified by continent, that is, Africa, The 

Americas, Asia, Europe or Oceania. Countries was defined as Member States of the United Nations (UN). 

Taking note of the unique geography of Turkey, species west of the Bosphorous were classified as European, 

and those East of the Bosphorous were classified as Asian. Hosts were classified as arthropods (excluding 

crustaceans), birds, environmental samples, fish and crustaceans, mammals, plants or reptiles. 

Proteome Analysis 

To determine which alignment relates more closely with the proteome, we sought to find proteome 

“homologies” using GeneCore 3.5 [321–323]. These are computed homologs and not actual homologs. The 

number of computed homologs were recorded. A matrix that doubled as a heatmap was made based on the 

number of homologs. Numbers were then converted to percentages based on genome size. The highest 

percentage from each pair was used for determining rankings of how similar a reference sequence was to the 

rest of the 18 sequences. Rankings were recorded as a matrix. The matrix was converted to a cladogram tree 

using the T-Rex web server [324]. 

Furthermore, whole genome alignments of Mycoplasmatales associated with human disease were done 

using Mauve from the Darling Laboratory [325]. We compared the results to pathogenic Enterobacteriales to 

confirm that paraphyletic results produce a different visual to the relatively homogeneous Enterobacteriales. 
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16S rRNA Alignments 

The 16S rRNA sequences aforementioned were initially aligned using MUSCLE drive5 [167,168] 

running under the NCBI Genome Workbench. To ensure that only the 16S rRNA gene was present, sequences 

were trimmed using consensus sequences. The universal forward primer 27F and universal reverse primer 

1492R were used as reference consensus sequences. Given the variety in multiple sequence alignment (MSA) 

methods, and to ensure their validity, we selected representative 16S rRNA sequences from Gram-positives, 

Gram-negatives and Tenericutes species to examine which MSA produced phylogenetic trees that reflected 

proteome analysis and shared characteristics (e.g., anaerobic) based on the literature. Due to the large number 

of sequences (ranging from 131-406 sequences), and to prevent bias, alignments were not modified manually. 

We aligned these representative organisms of the Tenericutes, Gram-positives and Gram-negatives 

with EMBL’s Clustal Omega, K-Align MAFFT, MUSCLE and T-Coffee as well as MAFFT of the 

Computational Biology Research Center (CBRC) using neighbor joining and minimum linkage for plotting 

trees. 

While T-Coffee offered optimal results when n=19, this MSA is limited to a hundred input sequences. 

We opted for MAFFT for the Tenericutes (n=275) tree because it offered consistency. The parameters were 

set as 1.53 gap open penalty, 0.123 gap extension penalty, 100 tree rebuilding number, 100 iterations 

(“Maxiterate”), with global pair fast Fourier transforms. Trees were computed with Neighbor-joining [176] 

without distance corrections. Trees were drawn using the Interactive Tree of Life (iTOL) [174]. 

Minimal Genomes 

A second database was created in Google Sheets for the most minimal genomes recorded in NCBI 

across all phyla in the bacterial domain. Genome size, whole genome accessions, 16S rRNA sequences, protein 

counts and GC contents were all obtained from NCBI. The 16S rRNA alignments and tree drawing methods 

were the same as listed for the Tenericutes. 

16S rRNA Studies 

We added representative organisms from the Eukaryotes and Archaea to have something to compare 

with. Noting that the clade remain isolated from everything else, we examined the DNA sequence. We 

discovered that online databases did not reverse-complement their DNA sequences to align with other 

organisms, and would like to warn others to be cautious. A simple way to note if the sequences are flipped 

would be to use virtual universal primers, as we did. We would like to suggest sequence 5’-

GTGYCAGCMGCCGCGGTAA-3’ as a direction identifier. When tested in Silva, said sequence produced 

587,252 matches, and covered 94% of Bacteria, 93% of Archaea and 91.4% of Eukaryotes. By far, this sequence 
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produced the most by any universal primer found on the literature for a complete list of virtual “universal” 

primers tested) (Table 5). 

Using the alignment files, we proceeded to draw histograms and heatmaps of the most frequent base. 

Bases not found in E. coli were discarded. We also used WebLogo from Berkeley to plot the bases [326,327]. 

The actual location of the bases in reference to E. coli was not computed. 

Codon Usage 

Codon usage was obtained using the Codon Usage Database [328]. Values were recorded as parts-per-

thousand. Codons were converted to amino-acids, and the fractions were summed to obtain amino-acid 

frequencies. NCBI Genome was used for determining codon tables. 

Statistics 

Statistical analysis was computed in GraphPad Prism 7.03, IBM SPSS Statistics version 23, and 

Microsoft Excel 2016. Results list which software was used where. Descriptive statistics, correlations were 

conducted in SPSS. Pearson correlations were two-tailed, significance was set at α=5.  
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