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Abstract 
 

Priestia megaterium and Priestia aryabhattai are two closely related groups of 

bacteria with important industrial uses, but it has been debated whether they are the 

same or different species. In this thesis, I aimed to resolve the identity of these two 

groups and reveal the functional and ecological differences between them. My 

phylogenetic study of 190 Priestia genome assemblies showed that the two groups are 

in separate evolutionary clades. The whole-genome genetic distance between them was 

sufficient to classify them as separate species; the presence of recombinant strains, 

isolated from environmental samples, suggests a still ongoing speciation. To examine the 

functional difference between the two species, I identified the orthologous genes in 14 

P. aryabhattai and 13 P. megaterium complete genomes and compared the gene 

content of the two species. The results showed substantial amino acid sequence 

divergence between the two species in genes related to cobalamin synthesis, sugar 

transport, sporulation, and flagellar assembly. Genomes of P. aryabhattai also had 

increased copy numbers of several iron transport genes which are important for plant 

growth promotion. Species-specific genes were used to design PCR primers for the easily 

replicated identification of P. megaterium and P. aryabhattai isolates without whole-

genome sequencing. Finally, a global metagenomics analysis showed that P. megaterium 

was the generally more abundant species, but that P. aryabhattai may have an 

ecological niche in Southeast Asia. 
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Chapter 1 — Introduction on the definition of bacterial species 
 

This thesis concerns the relationship between two groups of bacteria, 

Priestia megaterium and Priestia aryabhattai, and whether they are part of the same 

species. However, there is a long-standing debate over whether bacteria actually form 

groups that should be called species (1). This question actually consists of two separate 

problems. The first is whether bacterial lineages form self-similar genomic groups — the 

species phenomenon, or ‘genomic clustering’ — and the second is if there is any 

generalisable category, with properties or cut-offs that are common between different 

groups, that we can define as a species — the ‘species concept’ (2). 

 

The first question can be conceptualised as a map of bacterial genomes in sequence 

space (Figure 1-1). If bacterial genomes naturally form clusters, in which the genomes 

are more similar to those in the same group than to those in other groups, and clusters 

are separated by some genetic gap, then it can be said that a type of bacterial species 

exists, regardless of whether different species are consistent in their properties (3). For 

animals such as mammals, it is obvious that the process of sexual reproduction enforces 

such clustering because it creates a strong reproductive barrier between species. For the 

clonally reproducing bacteria however, it was previously unclear if genetic clusters exist 

in nature, or if instead the rate of horizontal gene transfer (HGT) between distant 

genomes is high enough to result in a genetic continuum across sequence space.  
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Bacteria can gain horizontally transferred genes from environmental DNA, from viral 

infection, and from cell-to-cell DNA transfer (4), at rates which vary across the tree of 

life (5). Horizontally acquired sequences which are not immediately beneficial for the 

cell may still become useful later if environmental conditions change, so long as they are 

neutral or only mildly deleterious and therefore not removed by selection (6,7). It is 

typical for bacteria to gain horizontally transferred sequences at several times the rate 

at which mutations are caused by nucleotide substitutions (8), which has led to 

uncertainty over whether discrete genetic clusters could be maintained in nature (9). 

However, like other genetic changes, these new sequences are often deleterious and 

quickly removed (10). Further, the rate of HGT between bacterial genomes decreases as 

the genetic distance between genomes increases (11). The fact that HGT is more 

common between closely related genomes that are in frequent physical contact means 

that it is simplistic to understand HGT as a process that removes species clusters in 

favour of a genetic continuum; theoretically, it may also increase the genetic clustering 

that we observe by making genomes within the same cluster more similar to each other 

than to those outside (12). 

a b c

Figure 1-1: Schools of thought regarding bacterial species, conceptualised as clusters in genetic space. The 
distance between strains represents genetic distance. Colours represent strains with distinct phenotypes. 
a: Species monism; bacteria form uniformly diverse species, with distinct phenotypes, and with a gap in 
genetic distance between them. b: Genetic continuum; different phenotypes are observed but rampant 
recombination between groups prevents distinct species clusters from forming. c: Species pluralism; 
clusters are often formed but may be inconsistent in size and diversity. Horizontal gene transfer between 
closely related species may lead to mosaic genomes which blur the line between these ‘fuzzy species’.    
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With the increasing availability of whole-genome and metagenomics data, it has 

become clear that bacteria do in fact form genetic clusters despite the horizontal gene 

transfer between them. For example, recombination between two Synechococcus 

lineages did not prevent them from separating into ecologically distinct sequence 

clusters (13). Large-scale metagenomics studies have shown bacterial populations that 

cluster into self-similar groups of over 90% nucleotide identity, with less than 80% 

identity to the nearest other clusters (12). This gap between sequence clusters in the 

80–90% range, where few reads are found, can be interpreted as a natural species 

boundary, but one that is not rigid nor consistent. The sequence identity values that 

define this boundary vary between species, as does the prevalence of intermediate 

sequences. Similarly, the development of the Average Nucleotide Identity (ANI) test for 

similarity between whole genomes showed a genetic discontinuity between 90,000 

genomes: almost all genome pairs were over 96% similar or less than 83% similar to 

each other, but pairs of genomes at 83–96% similarity were remarkably rare (14). 

 

The discontinuity in genetic distance between species is visible with ANI as well as 

other distance methods (15), and discontinuity has also been observed at the subspecies 

level (16). The species-level discontinuity does not seem to be a result of any sampling 

bias, but may instead be caused by the drop in recombination frequency that occurs 

around 90–95% ANI, or also by selective sweeps that remove diversity (14). These 

theories correspond to the recombination species concept and the ecological species 

concept (Table 1-1). Regardless, ANI discontinuity is now recognised as a useful marker 

for species delineation in bacteria (17) as well as fungi (18,19) and bacteriophages (20), 

when used with the understanding that the cut-offs are not exact and that borderline 
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cases may require a more holistic examination of the organisms involved (19). The 

existence of bacterial genome clusters is therefore now commonly accepted, even if the 

rules for species demarcation may differ from those used for eukaryotes (21). 

 

Table 1-1: Prokaryote species concepts that have been proposed to describe the causes of genomic 
clustering and how to delineate species. It has been debated whether there can be one species concept 
that can fit all species, or whether multiple concepts should be used to describe different groups.  

Species 
concept 

Description Further reading 

Biological 
species 
concept 

Species are groups with isolated gene pools due to barriers to 
gene exchange. 

Bobay and 
Ochman 2017 
(22) 

Ecological 
species 
concept 

Species are evolutionary lineages adapted to specific 
environments. These ecotypes are held together by periodic 
selection for survival in their niche, reducing diversity by 
removing less well-adapted individuals. 

Cohan 2002 (3) 

Recombination 
species 
concept 

Species are groups whose genomes can recombine. Individual 
gene trees should agree for genomes from different species, but 
can disagree for genomes from the same species. 

Dykuizen and 
Green 1991 (23), 
Fraser et al. 2007 
(9) 

Phylo-phenetic 
species 
concept 

Species are monophyletic groups with similar characteristics, and 
can be discerned by some discriminative phenotype. DNA 
relatedness metrics may be used to draw species boundaries in a 
flexible manner. 

Rosselló-Mora 
and Amann 2001 
(24) 

General 
lineage 
concept 

Species are separately evolving metapopulation lineages, a 
general concept that aims to include and unify other species 
concepts. Other properties such as unique niches or phenotypes 
are secondary. 

de Queiroz 2005, 
2007 (25,26), 
Achtman and 
Wagner 2008 
(27) 
 

Pangenome 
species 
concept 

Species are groups with internally similar gene repertoires. 
Requires sequencing of many genomes to cluster genomes using 
low frequency accessory genes. 

Moldovan and 
Gelfand 2018 
(28) 

 

 

Although many bacteria do indeed form genetic clusters, the second question has 

been long debated: what is the definition of a prokaryote species? Some authors have 

taken the strict view that any species definition should be universally generalisable; it 

should be able to classify all prokaryote cells into identically-defined species using the 
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same rules, and the criteria that are used – such as genome similarity metrics – should 

correspond to some natural biological property by which species are distinct from other 

taxonomic levels (29). Since species groups could not be universally delineated using any 

rules based on ecology, selection, or recombination, then any species definition could be 

at best a nominal or functional category without any rigid theoretical backing. The 

reticulate nature of bacterial phylogenetics that results from lateral gene transfer has 

also been problematic for any species definition based on evolutionary descent (30). 

 

As a proponent of the view that there are no true bacterial species, Ereshefsky (31) 

described the state of the field in 2010 as being divided between several schools of 

thought: ‘optimists’, who hoped that more research would uncover a definitive species 

definition (32); ‘pessimists’, who accepted that there was no consistent category of 

species for bacteria despite the existence of genetic clusters (24); and others who 

argued that prokaryote biology could be better conceptualised in terms of other 

evolutionary units (33). Doolittle (1) similarly described the opposing views as those of 

species monists, who assert that a strict species definition can be formulated that is 

generalisable to all organisms; versus species pluralists, who hold that multiple species 

concepts can each be valid in the case of different organisms. 

 

The species pluralism framework embraces the ‘problem’ that there may be no 

reason why all bacteria must form species clusters by the same mechanism — or even at 

all — but asserts that some do, and that the causes of speciation and diversification may 

vary between species (1). Whereas Ereshefsky’s eliminative pluralism (34) rejects the 

species concept as anything more than nominal classification because it cannot be 

strictly and universally defined, other pluralists accept a broader concept of the species 
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that allows for variations in evolutionary history (24). As an answer to the debate over 

whether speciation is caused by selective sweeps on clonal lineages (35), or instead by 

higher levels of recombination within groups than between them (23), pluralism accepts 

that different groups may be affected by both to various degrees (36), and that these 

groups can still all be referred to as ‘species’ despite their differences (37). On a 

philosophical level, pluralists attempt to find working species concepts that accurately 

describe the messy reality of prokaryote evolution, rather than trying to force an 

inappropriately rigid model onto nature (1). 

 

In practice, decisions on where to draw the line between species begin with looking 

for the gap between clusters which occurs at around 70% DNA hybridisation (38), or 

with modern methods, at 95–96% ANI (14). Having accepted the pluralist caveat that 

this cut-off may not be universal, these values are considered as starting points that may 

be relaxed if phylogenetic or phenotype evidence indicates a more diverse species 

cluster that is more coherent with lower values (24). This practice has been criticised for 

relying on arbitrary and flexible cut-offs that make the identified species no more 

‘correct’ than those described by other theories (31). It is true that the value of 70% 

hybridisation was originally calibrated to match the species groupings which had already 

been described (39), and this may appear to be a use of circular logic. However, those 

pre-existing species were not arbitrary groupings, but were decided based on multiple 

phenotypic and rRNA similarities. The various methods used by taxonomists are in 

approximate agreement precisely because they are identifying real clusters of organisms 

which are more similar to each other than to other clusters, and this fact makes these 

species categories ‘correct’. 
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In the end, the facts are clear and agreed upon: that bacteria commonly form clusters 

rather than a genetic continuum, with a gap between clusters that can be measured as a 

discontinuity in ANI values. Species concepts have been criticised for having no property 

which distinguishes them from other taxonomic levels (31), but this ANI discontinuity 

seems to be one such property. Given these facts, the debate over whether these 

clusters should be spoken of as bacterial ‘species’ seems to be a matter of semantics 

rather than science. As Mallet wrote in 2005 on species in general, ”the debate about 

species reality boils down, sadly, to different interpretations of the word ‘real’’’ (40). 

 

Previously, several species concepts that described different routes of speciation 

were seen as competing to be the one correct species definition (31), but it was also 

known that bacterial species vary greatly in their rates of homologous recombination 

(41). Given the modern understanding that multiple species concepts can describe real 

causes of species divergence and cohesion under different conditions (27), recent 

research has focused on understanding speciation rather than defining species (37). 

Speciation processes have been modelled under simple drift (42) and under 

combinations of high or low recombination and selection (36) in order to understand the 

formation of species under an implicitly pluralist paradigm. 

 

New terminology, such as the concept of ‘fuzzy species’, has allowed researchers to 

describe the nuanced realities of certain closely related species. This term comes from a 

study on 770 strains of 11 Neisseria species (43), in which phylogenetic trees made from 

concatenated housekeeping genes showed that most of the strains were clustered into 

large clades that matched the previous species descriptions. However, some strains 

formed smaller clades on the branches between the larger clades. These intermediate 
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strains had mosaic genomes which had formed by frequent interspecies recombination 

that had also affected the housekeeping gene sequences, leading to their position on 

the trees between the two major clades. It was unknown if the high rates of 

recombination in these intermediate clades were due to some genomic feature that 

made them more prone to recombination, or if particular environmental conditions had 

caused more frequent contact and genetic exchange between the ancestors of these 

strains. Intermediate strains in phylogenetic trees could also be caused by mixed 

cultures being mistaken as clonal isolates, but this should result in individual hybrid 

strains placed on separate branches rather than whole clades showing lineages of mixed 

genomes (44). 

 

The authors used the term ‘fuzzy species’ to describe such cases where the boundary 

between species is unclear due to lateral gene transfer, and later described more 

examples of fuzzy species in the Streptococcus (45) and Pneumococcus (46) genera. They 

theorised that having a high enough frequency of recombination to cause this state 

would require the two species to be capable of growing in the same environment, but 

that there must also be some physical or genetic barrier to recombination in order for 

the two species to have partially separated (43).  

 

On the other hand, some fuzzy species could be the result of the convergence of two 

species that were previously separated. This was suggested by Sheppard et al. (47) as 

the cause of gene flow between Campylobacter jejuni and Campylobacter coli. The 

authors found that the two species formed two clades, but with some hybrid strains 

placed in an intermediate position on the trees. They argued that the two species had 

previously been genetically similar enough for recombination to occur but that this had 
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been prevented by physical separation, and that a recent reintroduction of the two 

species to each other in an agricultural environment had allowed the rate of 

recombination to increase. This situation was referred to by the authors as a 

‘despeciation’ rather than a fuzzy species. 

 

Regardless of the cause of the indistinct clade boundaries that have been observed 

among the strains in these fuzzy species, the authors who described them emphasised 

the importance of large-scale phylogenetic studies to determine whether distinct 

clusters can be resolved among groups of organisms, rather than relying on strict DDH 

cut-offs to make taxonomic decisions (45). Their goal was to describe real clusters of 

organisms, even if these clusters do not correspond to any current species concept (44). 

In effect, their idea was to make species descriptions that describe reality, which may be 

fuzzy and imprecise, rather than forcing organisms into boxes which do not fit them. 

 

The genomics era may have settled the debate on whether bacteria form species 

clusters, but the technical challenges of how to identify and delineate them are still 

being addressed (48). Since it was previously more challenging to sequence whole 

genomes, older techniques for species identification relied on sequencing small portions 

of the genome that were known to show enough variation to be able to identify species. 

These methods include 16S rRNA gene sequencing (49), which targets one of the 

bacterial ribosome genes which has both conserved and variable regions, and multi-

locus sequence typing (MLST) (50), which uses loci from multiple genes which have 

known variations between species. The main drawback of both of these methods is that 

using only short sequences from specific genes will miss any variation that may be 
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present in other regions, and the variety of differences that can be identified is 

constrained by the length of the sequences and the number of variable sites within. 

 

Sequencing the 16S rRNA gene has historically been a useful approach to identifying 

bacterial species because this essential gene is found in every bacterial cell, but this 

method is also complicated by the fact that bacterial genomes often contain multiple 

non-identical copies of the 16S rRNA gene, which becomes a problem when the 

variation between 16S copies within a genome is too high and the variation between 16S 

copies from different species is too low (51). A 2015 study (52) identified the species of 

617 clinical isolates using three methods: with the 16S rRNA gene, using species-specific 

marker gene probes, and using culture-based biochemical phenotype tests. The study 

found that species assignments made using the 16S rRNA gene and using the culture 

phenotype methods agreed only 81% of the time, and that the identifications made 

using the 16S rRNA gene agreed with the identifications made using other RNA 

sequences in only 77.5% of cases. They also found several important species groups in 

which the 16S rRNA gene sequences from different species were over 97% identity, the 

conventional same-species threshold (53), including species from Streptococcus, 

Staphylococcus, Pseudomonas, Klebsiella, and Escherichia. Conversely, their results 

frequently found same-species 16S sequences that were less than 97% identical. 

Similarly, 16S sequences from different genera often showed over 95% similarity, which 

has been used as a same-genus threshold (54). These results suggest that, like other 

biomarkers, the resolution of the 16S rRNA gene in discriminating species is not 

universally equal across taxa, and that the groups with highly similar 16S sequences 

should be identified carefully using additional methods. 
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A disadvantage of sequencing a specific few marker genes for species identification 

by MLST is that it requires prior knowledge of which genes have the appropriate level of 

variation for the group being studied — the substitution rate of each gene varies across 

species (55). The MLST scheme for a particular group of organisms needs to be designed 

using genes which are present in only one copy per genome and which are evolving 

under purifying selection; ideally, 12–18 such loci should be identified that are 

distributed equally across the genome (56). Because of these requirements, MLST is 

better suited for the identification and population studies of clinically relevant and well-

studied bacteria than for identifying novel species (57). Once a species group has been 

thoroughly characterised, MLST data has also been used to clarify the relationships 

between species (58–65), but the method is becoming increasingly redundant as more 

whole genome sequences have become available (57). 

 

The increase in availability of annotated whole genomes allows for a greater number 

of genes to be used for species identification, rather than using only one or a few genes 

which are expected to show sufficient variation between species. A typical approach, 

called multilocus sequence analysis (MLSA), is to concatenate the whole sequences of 

multiple conserved genes that are common to all genomes of interest (66). Further, 

modern whole-genome sequence-based methods such as digital DNA-DNA hybridisation 

(dDDH) (67) and Average Nucleotide Identity (ANI) (68) are now available instead of or 

as a complement to the previously dominant methods. The two methods of dDDH and 

ANI are conceptually similar, and work by aligning fragments of two whole genomes 

together in order to count the differences between every possible aligned nucleotide. 
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These methods are digital equivalents of the older method of DNA-DNA hybridisation 

(DDH) for taxonomic identification, for which it was found that most pairs between 

strains of the same species produced results higher than 70% (69), a number which 

became the standard for species delineation (38). However, DDH involves wet lab 

experiments that are difficult to perform, and the results cannot be compared between 

studies (70). The rise of whole-genome sequencing data permitted the development of 

replacement in silico methods of genome comparison such as ANI (71). This method was 

shown to give values that are closely correlated with DDH results, with the 70% DDH cut-

off corresponding to 95–96% ANI (68,72). The ANI method is simple; fragments of one 

genome are aligned against another genome and the successful alignments which have 

at least 70% alignment length are used to calculate the mean percentage of identical 

nucleotides (71). 

 

Around the same time, a different group developed a similar method called digital 

DDH (dDDH), which aimed to produce values which were consistent with those from 

classical DDH experiments so that the results could be compared to those from DDH 

with the same 70% species cut-off (73). The dDDH similarity 𝑑(𝑋, 𝑌) between two 

genomes X and Y is given by the formula (74): 

 

𝑑(𝑋, 𝑌) = 1 −
2 ∙ 𝐼!"

𝐻!" + 𝐻"!
 

Where  

𝑋𝑌 ∶= a BLAST search with genome X as the query and genome Y as the subject 

𝐼!" ∶= the sum of identical base pairs over all BLAST matches 

𝐻!" ∶= the total length of all BLAST matches 
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ANI and dDDH were both developed in comparison to and validated by comparison to 

wet lab DDH values, and so the same-species thresholds of both whole-genome 

methods (95–96% and 70%) stem from the 70% cut-off of DDH. In the original DDH 

method, this 70% value was found to be the value which best separates the bacterial 

species which had been identified in the past by older methods based on morphology, 

phenotyping, and 16S rRNA gene sequencing (69). Both the ANI and dDDH methods 

have the limitation that they do not consider genomic regions that cannot be aligned 

between the two genomes, therefore species-specific genes and other information such 

as genome rearrangements are not considered in the species classification decision (75). 

Additionally, whole-genome sequencing can be a barrier to entry because of its cost and 

is not always used when describing new species, e.g. (76). Overall, a lack of 

standardisation in the use of the various species identification methods can lead to 

disagreements over the species status of newly discovered bacteria, such as in the case 

of Priestia megaterium and Priestia aryabhattai. 
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Chapter 2 — Phylogenetic study of Priestia megaterium and 
Priestia aryabhattai 
 

Introduction 

 

Priestia megaterium (basonym: Bacillus megaterium) is a gram-positive, ubiquitous 

environmental bacterium in the phylum Bacillota (previously Firmicutes) which has been 

well-studied since its discovery in the 19th century (77,78), in part due to its large cell 

size which facilitates physiological study of cell division, sporulation, and biofilm 

formation (79,80). A spore-forming generalist, it grows in many types of environments, 

with genome assemblies sequenced from diverse environments including soil (81), water 

(82), air (83), and plant and human tissue (84,85). P. megaterium is an important species 

in research and biotechnology (86). First, as a natural producer of cobalamin (vitamin 

B12), P. megaterium has been used both for industrial production of cobalamin (87) and 

for research into the natural B12 synthesis pathway (88,89). Second, recent research has 

focused on the role of P. megaterium as a plant growth promoter, whether by 

suppressing plant pathogens (90), by increasing nutrient availability (91), or by 

producing plant growth hormones (92). Finally, some P. megaterium strains have been 

investigated for their potential in bioremediation (93).  

 

The closely-related species Priestia aryabhattai (basonym: Bacillus aryabhattai) was 

first named in 2009 after being identified in air samples taken at a height of 41 km (76). 

Strains in this new species have attracted industrial interest for their capabilities for 

plant growth promotion (94), bioremediation (95), and synthesis of biodegradable 

plastics (96). Both P. aryabhattai and P. megaterium were previously in the genus 
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Bacillus, a diverse group in the family Bacillaceae that had long been long known as a 

heterogeneous group in need of revision (97). The genus was in this state because 

historically, Bacillus had been the default group for aerobic rod-shaped spore-formers, 

without better understanding of their phylogenetic relationships (98). A 2020 study 

eventually categorised these disparate groups into 17 new genera, moving megaterium, 

aryabhattai, and flexa to the new genus Priestia, along with a few species that lacked 

whole genome sequences (99). However, the phylogeny within this new genus has not 

been adequately resolved due to a dispute over the species status of P. aryabhattai. 

 

When describing the first P. aryabhattai strain, Shivaji et al. (76) found disagreement 

between the species identification methods that were used. They compared the new 

aryabhattai strain with a representative of P. megaterium and found that the sequence 

similarity between the 16S rRNA genes was 99.7%, which is above the 97% threshold 

that is used to delineate species (53). However, they argued that P. aryabhattai should 

be considered a new species because the whole-genome similarity to P. megaterium 

was only 35%, and because the two strains differed in their responses to several 

biochemical tests. A later study (100) instead argued that P. aryabhattai strains should 

be renamed to P. megaterium. They found ANI values of 95.3 and 95.8% between the 

type strains of the two bacteria, higher than the same-species level of 95–96% (72), and 

considered the physiological differences between the two strains to be too few to name 

P. aryabhattai as a new species. 

 

The approaches used by both previous studies (76,100) provide an incomplete picture 

of the issue because of the lack of data. Only two genomes were compared, with one 

from each species, therefore it is not known if P. aryabhattai forms a separate, 
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monophyletic clade from P. megaterium, which would be important evidence as to the 

species status of P. aryabhattai. The number of gene sequences used for comparison 

have also been limited, and dDDH results have not been reported between the groups. 

The two studies also used biochemical test results to reach opposite conclusions 

because there was no standardised method for delineating the species using these tests. 

 

As of February 2022, there are 42 P. aryabhattai whole genome assemblies in the 

GenBank database, as recent authors who have identified new strains have named them 

based on their closest database match without further genomic analysis. These 42 

genomes, which may be important in biotechnology, are all potentially misclassified until 

the question of P. aryabhattai’s species status is resolved. For these reasons, it is 

important that the taxonomic dispute be resolved and that the Priestia genomes 

involved be definitively classified. 

 

Whilst previous studies of these two bacteria have only compared a single genome 

from each species for species identification, a larger dataset would allow for a more 

detailed view of the diversity and structure within the Priestia genus. In this study, 12 

whole genome de novo assemblies were generated and analysed together with 178 

genome assemblies that were retrieved from the GenBank database to examine the 

phylogenetic relationships between P. megaterium and P. aryabhattai genomes, in 

order to clarify the species identification of the two groups. 
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Methods 

 

The sample collection, whole-genome sequencing, genome assembly, and phenotype 

testing for the unpublished genomes presented here were performed in collaboration 

with a research team in SCELSE, Nanyang Technological University. The methods can be 

found in a previous study (83). 

 

Priestia strain isolation 

 

Air samples were collected at multiple indoor and outdoor locations (including 

residential areas, offices, parks, and beaches) in Singapore in 2015 using Andersen 

single-stage impactors (SK, USA). The air was impacted onto multiple agar types (M9 

minimal salts, R2A, potato dextrose, malt extract, brain heart infusion, and marine agar) 

which were then incubated overnight. The resulting colonies were sub-cultured on 

Tryptic Soy Agar (Sigma-Aldrich, USA) and the strains were individually inoculated in 

lysogeny broth (LB, Becton–Dickinson, USA) at 30 °C overnight to obtain axenic cultures. 

 

Whole genome sequencing 

 

The DNA was purified using the Wizard genomic DNA purification kit (Promega, USA). 

A genomic DNA library was then prepared with the SMRTbell template prep kit 1.0 

(Pacific Biosciences, USA). The DNA was sheared using the g-Tube shearing method and 

size selected using BluePippin size selection (cutoff = 15 kb). Single-molecule real-time 

(SMRT) sequencing was done on a PacBio RS II sequencer (DNA sequencing kit 4.0 v2). 
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Whole-genome shotgun libraries were constructed using the TruSeq Nano DNA library 

preparation kit (Illumina, USA), and short-read data were generated via a paired-end 

Illumina MiSeq run with a 300 bp read length. All software was run with default settings 

unless otherwise stated. 

 

Quality control of the PacBio reads was done using PreAssembler Filter v1 from the 

Hierarchical Genome Assembly Process v3 (HGAP3) (101) protocol, as implemented in 

the PacBio SMRT Analysis 2.3.0 package. The MiSeq reads quality control was done using 

Cutadapt v1.8.1 (102). 

 

Genome assembly 

 

De novo assembly of the PacBio subreads was performed using HGAP3 and polished 

with Quiver (101). The quality of the draft assembly was further improved by using 

MiSeq paired-end reads with Pilon v1.16 (103) (tracks –changes –vcf –fix all –mindepth 

0.1 –mingap 10 –minmq 30 –minqual 20 –K 47), to create platinum-grade genome 

assemblies. The completed assemblies consist of 4–14 contigs each (Table 2-1), with 

GC content ranging from 37.18 to 38.14%. Contig lengths and GC content were obtained 

with the Quality Assessment Tool for Genome Assemblies (QUAST) (104). The 

completeness and circularity of the chromosomes and plasmids were evaluated using 

BUSCO (105) and Circlator v1.5.6 (106). The isolation, sequencing, and assembly of the 

13 Priestia strains was performed by the authors of the genome announcement (83). 

 

 

 



 
 

 20 
 

Phylogenetic analysis 

 

Protein-coding marker gene distance 

 

Two phylogenetic trees were constructed using marker gene sequences, using the 

‘bac120’ set of 120 marker genes (107), of which 74 were consistently found in the 

Priestia genomes. These 74 genes are listed in Table A-3. To obtain the marker gene 

sequences for each genome, a reference sequence for each gene was taken from the 

GenBank-annotated reference genome P. megaterium 22-2 (accession number 

GCA_009935415.1). These reference gene sequences were used as BLASTN queries to 

find the homologous sequence with the lowest e-value from each other genome. Five 

genome assemblies which were missing more than one of the 74 genes were excluded 

from the analysis, leaving 190 genomes including a Priestia flexa outgroup. P. flexa was 

selected as the outgroup because it is the next closest species to 

P. megaterium/aryabhattai by ANI. 

 

The DNA nucleotide sequences of the genes from each genome were aligned using 

MUSCLE v3.8.31 with default parameters (108), and the 74 marker gene alignments 

were concatenated into one large alignment for phylogenetic inference. The alignment 

was trimmed using trimAl v1.4 (109), removing 109 poorly aligned nucleotide sites and 

leaving a 84,180 bp alignment. A maximum likelihood tree with bootstrap support was 

constructed from the alignments using RAxML version 8.2.12 with the option –GTRCAT 

(General Time Reversible model of nucleotide substitution under the Gamma model of 

rate heterogeneity) (110). Trees were also constructed for each of the 74 individual gene 

alignments using the same method. A neighbour-joining tree was constructed from the 
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concatenated gene alignment using ape (111) with the option ‘TN93’ for the distance 

matrix (Tamura and Nei, 1993). Both trees were extremely similar as shown in Figure 2-1. 

 

16S rRNA gene phylogeny 

 

To construct a phylogenetic tree from 16S rRNA gene sequences, the 16S sequence of 

the representative genome Priestia megaterium 22-2 (accession number 

GCA_009935415.1) was used as a BLASTN query against the other 189 genomes to find 

the closest matching sequence from each genome. The sequences from each genome 

were aligned together with MUSCLE (108). Eight poorly aligned sites were removed 

using trimAl, leaving a 1,488 bp alignment. RAxML was used for maximum likelihood 

tree building and bootstrapping. 

 

Whole-genome genetic distance phylogeny 

 

Trees were also constructed using whole-genome ANI and dDDH. ANI was calculated 

between all pairs of genomes using FastANI (14) and used to build a Neighbour-Joining 

tree using the R package ‘ape’ (111). The tree was plotted using the R package ‘ggtree’ 

(112). The pairwise ANI values were also used to construct a network tree using the 

Neighbour-net algorithm in SplitsTree5 (113). Pairwise dDDH values were calculated 

between the 30 genomes which were listed as ‘complete’ on GenBank, as well as the 12 

newly sequenced genomes, using the GGDC web server (114). 
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Clonal genome phylogeny 

 

To reduce the confounding effect of recombination between genomes on the 

phylogenetic analysis, a tree was also created using only the genomic sections which 

appear to have been inherited clonally. Due to the high computational load, this analysis 

was done using a reduced set of 18 high-quality genomes: 6 from the aryabhattai clade, 

6 from the megaterium clade, 4 from recombinant clade 1, and 2 from recombinant 

clade 2 (Figure 2-1). These genomes included 11 assemblies from the GenBank database 

and seven of the newly sequenced isolates (Table 2-1). 

 

A core genome alignment was created from the genome assemblies using 

progressiveMauve v2.4.0 (115). A phylogenetic tree was made from the core genome 

alignment with RAxML v8.2.12 (110). ClonalFrameML v1.12 (116) was run using the 

whole-genome alignment, the phylogenetic tree, and the transition/transversion ratios 

calculated by RAxML. The ClonalFrameML method compares the aligned genomes and 

marks sites that have unusually high substitution rates as putative recombination events 

from external genomes. It then constructs a tree with these sites excluded, in order to 

estimate the phylogeny of the sections of the genomes which have evolved clonally. 

 

Phenotype testing 

 

Isolates were freshly revived from –80 °C storage and cultured on trypticase soy agar 

at 30 °C overnight. After 24 hr, a colony was sub-cultured in trypticase soy broth at 30 °C 

for 48 hr. Biochemical phenotype tests were then performed using the API 20 E and 

50 CH kits (bioMerieux, USA) following the manufacturer’s standard protocol. After 
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incubating for 48 hr, the results were manually observed according to the 

manufacturer’s standard instruction. API 50 CHB (version 4.1) in APIWEB was used as the 

reference for species interpretation by matching the isolates’ biochemical profiles. The 

phenotype testing was performed by SCELSE. 

 

Results 

 

Newly generated whole genome sequencing datasets 

 

Twelve new platinum-grade whole-genome assemblies were generated of isolates 

from outdoor air samples collected in various locations in Singapore (Table 2-1). The 

assemblies have 4–14 contigs, with an average total size of 5,762,982 bp and an average 

N50 of 5,095,237 bp, indicating thorough assembly of the main chromosomes. The 

genomes were determined to have low contamination and heterogeneity by CheckM 

1.0.7 (117) (Table A-1), and completeness was found to be over 98% by BUSCO 5.0.0 

(118).  

 

Species identification of the 12 genomes was performed using FastANI version 1.32 

(14) to search for the closest matching genome in the NCBI RefSeq database 

(downloaded April 2021). Nine out of the 12 assemblies had ANI above 98% to database 

genomes named P. megaterium, and one to P. aryabhattai, whilst two genomes showed 

ANI matches of just over 96% to P. megaterium. However, the 16S rRNA genes of all the 

genomes had the greatest similarity to P. aryabhattai (Table 2-1). These mismatches 

between the results of the species identification by the two methods of ANI and 16S 
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rRNA indicate an issue with species identity in the Priestia genus. The 12 genome 

assemblies in Table 2-1 were all named Priestia aryabhattai due to the findings of the 

phylogenetic study below: the two genomes which were the closest GenBank matches 

to the 12 new genomes — P. megaterium Q3 and YC4-R4 —are part of a separate 

P. aryabhattai clade, and are recommended to be renamed as such (Table 2-3). 

 

Phylogenetic analysis  

 

To determine the phylogenetic relationship between the two species P. aryabhattai 

and P. megaterium, I conducted a thorough phylogenetic study of all available genomes 

of the two species, including the 12 genomes generated in this study (Table 2-1) as well 

as 178 whole-genome assemblies that were downloaded from GenBank (including one 

outgroup). I constructed five phylogenetic trees based on protein-coding gene 

sequences (Figure 2-1a, Figure 2-2), whole-genome ANI (Figure 2-1b, Figure 2-1c), and 

16S rRNA gene sequences (Figure 2-1d). 
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Table 2-1: Summary statistics of new Priestia genomes sequenced and used in this study. More assembly details in Table A-1. The species identity of these genomes varies 
depending on the identification method used. The genome assemblies P. megaterium YC4-R4 and P. megaterium Q3, which are the closest ANI match to most of these new 
genomes, are recommended to be renamed as P. aryabhattai following the results of this Chapter (Table 2-3). 

GenBank accession no. Strain name Best match by ANI (%) to GenBank 

Best match by 16S rRNA gene 

sequence to GenBank (% 

identity) 

Number of 

contigs 
Genome size (bp) N50 (bp) GC content (%) 

CP028074-CP028080 P. aryabhattai SGAir0178 P. megaterium Q3 (98.5) P. aryabhattai B8W22 (99.8) 7 5,473,470 5,001,814 38.03 

CP025620-CP025623 P. aryabhattai SGAir0179 P. megaterium YC4-R4 (99.4) P. aryabhattai B8W22 (99.9) 4 5,305,001 5,053,919 38.14 

CP028043-CP028049 P. aryabhattai SGAir0202 P. megaterium Q3 (98.4) P. aryabhattai B8W22 (99.7) 7 6,362,169 5,077,550 37.22 

CP028019-CP028030 P. aryabhattai SGAir0257 P. megaterium YC4-R4 (99.4) P. aryabhattai B8W22 (99.7) 13 5,576,818 5,017,599 37.93 

CP027997-CP028008 P. aryabhattai SGAir0265 P. megaterium YC4-R4 (99.4) P. aryabhattai B8W22 (99.8) 12 5,571,671 5,011,965 37.93 

CP027989-CP027996 P. aryabhattai SGAir0269 P. aryabhattai K13 (99.1) P. aryabhattai B8W22 (99.7) 8 5,516,307 5,028,224 37.94 

CP027914-CP027919 P. aryabhattai SGAir0414 P. megaterium Q3 (98.5) P. aryabhattai B8W22 (99.8) 7 5,390,002 5,159,113 38.01 

CP027900-CP027906 P. aryabhattai SGAir0424 P. megaterium Q3 (96.3) P. aryabhattai B8W22 (99.5) 8 5,659,875 5,262,388 37.95 

CP027889-CP027899 P. aryabhattai SGAir0425 P. megaterium Q3 (98.5) P. aryabhattai B8W22 (99.8) 14 6,481,834 5,183,207 37.18 

CP027876-CP027885 P. aryabhattai SGAir0427 P. megaterium YC4-R4 (99.6) P. aryabhattai B8W22 (99.6) 10 5,628,789 5,103,336 37.94 

CP027870-CP027875 P. aryabhattai SGAir0428 P. megaterium Q3 (96.4) P. aryabhattai B8W22 (99.9) 6 5,617,367 5,226,421 37.93 

CP027931-CP027939 P. aryabhattai SGAir0563 P. megaterium YC4-R4 (99.4) P. aryabhattai B8W22 (99.5) 10 6,572,477 5,017,311 37.19 
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The four trees (Figure 2-1a-c, Figure 2-2) separate most of the genomes (165 

genomes) into two clear clades, which I refer to as the megaterium clade (130 genomes) 

and the aryabhattai clade (35 genomes). The classification of the two clades is 

supported by the protein-coding gene trees and the ANI trees, with the members of 

each clade being identical by each method. The phylogenetic tree constructed using the 

16S rRNA gene sequence, a commonly used bacterial marker gene, is unable to 

distinguish the two clades (Figure 2-1d). This marker gene has very little variation among 

P. megaterium and P. aryabhattai, with many genomes from both clades having 

completely identical sequences. The lack of variation in the 16S rRNA gene caused its 

tree to show an unbranched structure in which strains from both clades were mixed 

together, rather than a tree structure with two clades as shown by the trees which used 

other methods. 

 

The phylogenetic trees contained 24 P. aryabhattai/megaterium genomes which 

were not placed in the megaterium or aryabhattai clades, but instead formed two 

smaller clades with inconsistent positions across the trees. For example, one of the 

clades clustered with the megaterium clade in the protein-coding gene tree (Figure 2-1a) 

but with the aryabhattai clade in the whole-genome ANI tree (Figure 2-1b). The network 

tree (Figure 2-1c) showed clearly that the two small clades are placed in an intermediate 

position between the megaterium and aryabhattai clades. I therefore defined these two 

smaller groups as recombinant clades 1 and 2 (14 and 10 genomes each). Although 

recombinant clade 1 is not monophyletic in the protein-coding gene tree (Figure 2-1a), 

the clade is monophyletic in the ANI and network trees.  
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Most of the genome assemblies retrieved from GenBank have already been assigned 

the species name that corresponds to their clade in our trees. I found 17 genomes 

whose assigned species names do not match the new classifications based on this 

phylogenetic analysis; the suggested species names for these genomes are provided in 

Table 2-3.  

 

I calculated the average distances within and between the four clades by whole-

genome ANI and by nucleotide p-distance of the 74 genes (Table 2-2). The megaterium 

clade had greater diversity (2.67% +/- 1.23 average ANI distance) than the aryabhattai 

clade (1.37% +/- 0.39 average ANI distance), suggesting a more recent common ancestor 

for P. aryabhattai than for P. megaterium. The whole-genome ANI values were several 

times larger than the p-distances of the protein-coding genes, suggesting that ANI is 

more effective in showing the extent of genetic diversity at the strain level than the p-

distances of the protein-coding genes, which are house-keeping genes with conserved 

sequences between genomes.  

 

Individual marker gene trees 

 

In addition to the tree constructed from the concatenated alignment of 74 protein-

coding genes, I also made trees from each individual gene in order to assess the 

contribution of each gene to the consensus tree. 
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Figure 2-1: Phylogenetic trees of 190 Priestia genomes, showing the distinct aryabhattai clade (orange). 
Tree tip colours indicate the names currently given to the genomes in the GenBank database; the nearest 
species Priestia flexa is shown as an outgroup. The genomes form two clades that are mostly congruent 
with the assigned species names, separated by a long branch. a: Maximum likelihood tree, constructed 
from 74 marker gene sequences. Branch labels show bootstrap support out of 100 runs. Branches with 
low bootstrap support are due to a lack of phylogenetic signal in some marker genes, and conflicting signal 
for the recombinant clades. b: Neighbour-joining tree, constructed from pairwise ANI scores. c: Unrooted 
phylogenetic network of pairwise ANI scores, built using the Neighbour-net algorithm. The recombinant 
clades, which are inconsistently placed in a and b, are shown clearly as intermediate between the 
megaterium and aryabhattai clades. See details in Methods. d: Maximum likelihood tree of 16S rRNA gene 
sequences, which are not able to discriminate between most P. megaterium and P. aryabhattai genomes 
and thus do not separate the genomes into the clades shown in a and b.   
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Fifteen of the 74 gene trees placed the four clades in the same positions as the 

concatenated gene tree in Figure 2-1a (recombinant clade 1 grouped with 

P. aryabhattai, and recombinant clade 2 grouped with P. megaterium). One of these 

genes was rpoB (RNA polymerase beta subunit), which has previously been reported as a 

useful marker gene for phylogenetic analysis (119), particularly in Bacillales species for 

which it has previously been preferred over the 16S rRNA gene (120). The rpoB tree for 

the Priestia genomes (Figure 2-3a) provided a relatively high level of taxonomic 

resolution compared to other genes, shown by longer branches between clades, fewer 

groups of identical sequences, and fewer polytomies (where a branch splits into three or 

more subgroups, rather than being resolved into nested bifurcations).  
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Figure 2-2: Neighbour-joining tree of an 84,180 bp alignment of 74 housekeeping genes from 190 
Priestia genomes. The maximum-likelihood tree constructed from the same data is shown in Figure 
2-1a and is identical save for minor variations in relative branch lengths.  
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The difficulty of determining the evolutionary history of the recombinant clades is 

illustrated by the remaining gene trees. Three gene trees (e.g. Figure 2-3b) were 

arranged similarly to the whole-genome ANI tree (Figure 2-1b), with recombinant clade 

2 grouped with the aryabhattai clade and recombinant clade 1 placed outside of the 

megaterium and aryabhattai clades. Ten trees placed both recombinant clades in a 

group with the aryabhattai clade, and 11 trees placed both recombinant clades in a 

group with the megaterium clade. Eighteen more trees (e.g. Figure 2-3c) placed the 

recombinant clades in other positions, such as recombinant clade 1 with the 

megaterium clade and recombinant clade 2 with the aryabhattai clade (the opposite 

arrangement to the concatenated gene tree in Figure 2-1a). 

 

Finally, 19 gene trees (e.g. Figure 2-3d) were not useful for phylogenetic inference 

because too many genomes were identical in their sequences, including those from 

different clades. These genes included many 30S and 50S ribosomal genes, which have 

been previously used for phylogenetic inference in other species (121). My results show 

that, like the 16S rRNA gene, these genes are too conserved among P. megaterium and 

P. aryabhattai to be used for this purpose. 
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Clonal genome phylogeny 

 

A clonal genome phylogeny of the P. aryabhattai/megaterium group was constructed 

in order to determine the ancestry of the recombinant clades. The results of the clonal 

genome phylogeny showed extensive putative recombination events throughout the 

tree. The tree of the clonal genome recreated the four clades that were found in Figure 

2-1. The clonal genome tree placed recombinant clade 1 in a group with the aryabhattai 

aryabhattai

recombinant 1

recombinant 2

megaterium

b
recN

aryabhattai

recombinant 1

recombinant 2

megaterium

a
rpoB

aryabhattai

recombinant 1

recombinant 2

megaterium

c
uvrC

aryabhattai

recombinant 1

recombinant 2

megaterium

d
rplA

Figure 2-3: Maximum likelihood trees constructed separately using four of the 74 genes that were used in 
Figure 2-1a. Trees are rooted to the outgroup Priestia flexa GN22-4; the branch length to the outgroup 
has been shortened for clarity. a: gene tree of rpoB (RNA polymerase beta subunit), which recreates the 
same tree topology as Figure 2-1a. b: gene tree of recN (DNA repair protein), which gives a similar tree 
structure to the ANI tree in Figure 2-1b. c: gene tree of uvrC (DNA repair protein), which places the 
aryabhattai clade and recombinant clade 1 as a subgroup within the megaterium clade. d: gene tree of 
rplA, which lacks sequence substitutions between genomes and is not useful for phylogenetic analysis.  
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clade, and placed recombinant clade 2 outside of both the aryabhattai and megaterium 

clades. 

 

Whole-genome genetic distances 

 

I aimed to determine whether the whole-genome genetic distance between the 

megaterium and aryabhattai clades is great enough to consider them as separate 

species. Using the methods dDDH (114) and ANI (14), genomes are conventionally 

defined as belonging to the same species if they are at least 70% or 95–96% similar, 

respectively (68,72). 

 

The two metrics of dDDH and ANI showed inconsistent results for species 

identification (Figure 2-5). The pairwise dDDH values showed that the similarities 

between the megaterium clade and the aryabhattai clade were always below 70% 

(purple, lower left), with an average of 64% +/-0.08%, indicating that they are separate 

species. However, most of the pairwise ANI values were within the 95–96% threshold, 

with an average of 95.2% +/-0.02%. The majority of genome pairs (174 out of 182) were 

above 95% ANI, suggesting that P. megaterium and P. aryabhattai are the same species. 

Thus, the two distance measurements do not consistently separate the two clades as 

different species due to their close genetic relationships with each other. 

 

The pairwise values of both dDDH and ANI between the recombinant clades and the 

other clades (green and black) were higher than the values between P. megaterium and 

P. aryabhattai (purple), and lower than the values within P. megaterium or within 

P. aryabhattai (blue and orange), supporting their intermediate position between 
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P. megaterium and P. aryabhattai. The dDDH values between the recombinant clades 

and the other clades were lower than the species identification threshold, while the ANI 

values were higher than the threshold. In addition, most recombinants (19 out of 20 

genomes) are genomes that were originally isolated from outdoor environments. The 

high ANI between the recombinants and the other clades, and the presence of naturally 

occurring recombinants, suggests a recent split or ongoing speciation between 

P. megaterium and P. aryabhattai. 

 

Phenotype testing 

 

The results of 61 biochemical phenotype tests on 13 Priestia isolates are shown in 

Table A-2. No test or tests were found that could distinguish between the aryabhattai 

and megaterium clades that were shown in Figure 2-1. Some tests were identical for 

both clades, with every P. aryabhattai and P. megaterium isolate giving the same result, 

while other tests were inconsistent within clades, so they could not tell a P. aryabhattai 

isolate from a P. megaterium isolate because not all P. aryabhattai isolates gave the 

same result. APIWEB successfully identified all 13 strains as belonging to the larger 

Priestia megaterium group; of course, it was not designed to differentiate between 

P. megaterium and P. aryabhattai. 
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Genomic position (Mbp)

1 2 3 4
P. megaterium S188
P. megaterium JX285

P. megaterium SGAir0080

P. megaterium 5−3

P. megaterium ATCC 14581

P. megaterium DSM 319
P. aryabhattai SGAir0202

P. aryabhattai SGAir0178

P. aryabhattai SGAir0414

P. megaterium Q3

P. aryabhattai SGAir0563

P. aryabhattai K13

P. aryabhattai B8W22

P. aryabhattai SGAir0428

P. aryabhattai SGAir0424

P. megaterium DE0169
P. megaterium SEM−4

P. megateriumWSH−002
P. flexa GN22−4

Figure 2-4: Clonal genome phylogeny of 18 genomes from the P. megaterium/aryabhattai group with a P. flexa outgroup. Genomic regions marked in dark blue are putative 
recombination events, and are excluded from the sequence used for building the tree. Sites in light blue have not changed since the last node up the tree. Other sites are 
coloured on a scale from white to yellow to orange based on the level of homoplasy shown. The tree places recombinant clade 2 outside of the aryabhattai and megaterium 
clades, and recombinant clade 1 in a group with the aryabhattai clade.  
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Figure 2-5: Pairwise dDDH and ANI values between P. megaterium and P. aryabhattai complete genomes (13 from megaterium clade, 13 from aryabhattai clade, 2 from 
recombinant clade 1, and 1 from recombinant clade 2). Dotted lines indicate the conventional same-species thresholds of 70% dDDH and 95% ANI. The dDDH values of 
comparisons between P. megaterium and P. aryabhattai are below 70% (purple, lower left), indicating different species, whereas the ANI results of such comparisons are 
ambiguously found to be usually higher but sometimes lower than the same-species threshold.  
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Table 2-2: Average pairwise ANI similarities and sequence alignment p-distances, within and between 
clades, for the 189 P. megaterium/aryabhattai genomes in Figure 2-1a-b.  

Comparison between clades: 
Average ANI value (% 

+/- st.dev.) 

Average alignment p-

distance (% +/- st.dev.) 

megaterium  

megaterium 97.33 +/- 1.23 0.78 +/- 0.48 

aryabhattai  95.25 +/- 0.18 1.92 +/- 0.07 

Recombinant 1 95.31 +/- 0.22 1.85 +/- 0.11 

Recombinant 2 95.69 +/- 0.28 1.62 +/- 0.13 

aryabhattai 

aryabhattai 98.63 +/- 0.39 0.24 +/- 0.09 

Recombinant 1 95.95 +/- 0.34 1.49 +/- 0.10 

Recombinant 2 96.24 +/- 0.15 1.89 +/- 0.05 

Recombinant 1 
Recombinant 1 97.46 +/- 1.20 0.87 +/- 0.51 

Recombinant 2 95.38 +/- 0.20 1.94 +/- 0.06 

Recombinant 2 Recombinant 2 98.9 +/- 0.33 0.33 +/- 0.16 

 

 

Discussion 

 

I aimed to resolve the debate over the identity of P. aryabhattai; to determine 

whether it is a synonym of P. megaterium or a separate species. My high-resolution 

phylogenetic analysis using a vast whole-genome dataset demonstrates that the two 

bacteria names do in fact form distinct, monophyletic clades. The aryabhattai clade is 

smaller and less diverse than the megaterium clade, to which it connects by a long 

branch; these traits are suggestive of adaptation due to selection pressure. I also found 

that 24 out of 190 genomes appear to be recombinants between the two clades, based 

on their positions in the phylogenetic trees and their inconsistent gene content. 
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I constructed trees of the P. megaterium/aryabhattai group by five different 

combinations of data type (marker gene sequences or whole-genome ANI scores) and 

tree-building algorithm (maximum likelihood, neighbor-joining, and neighbor-net) in 

order to test the robustness of the clades shown. The results from each method were in 

perfect agreement on the members of each clade, if not on the branch structure within 

each clade, but each method comes with its own considerations. 

 

Marker gene trees use genes that are already well-studied and are known to show 

enough variation on the interspecies level. The commonly used 16S rRNA gene, which 

has historically been used to define species as strains that are > 97% identical, has not 

diverged enough between P. aryabhattai and P. megaterium to reconstruct the clades 

on a tree. The use of this gene for phylogenetic reconstruction is also problematic when 

multiple non-identical copies exist in the same genome, as they do in Priestia genomes. 

 

For these reasons I instead used a published set of marker genes (107) for 

phylogenetic tree construction. Using multiple concatenated gene sequences provides 

more polymorphic sites to separate the genomes on a tree, but not all marker genes 

were useful in discriminating the Priestia species (Figure 2-3d), and only 74 out of the set 

of 120 marker genes were present in the Priestia genomes. This method could thus be 

improved by carefully selecting the marker genes which are useful for one’s species of 

interest; for example, by first identifying orthologs among the genomes (see Chapter 3) 

and then using the results to select marker genes which are common to all of the 

genomes under study for building trees, as in Liang et al. (122). However, using this 

procedure to select the marker genes for a species requires multiple whole genome 
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datasets for a comparative study, and the method is thus not economical or efficient for 

the identification of novel species with only one cultured strain. 

 

ANI genome similarity scores have an advantage in that they include all of the sites 

that can be aligned between each genome pair, rather than a defined set of marker 

genes, thus providing far more data for the phylogenetic tree construction to distinguish 

between each genome. One issue that comes with the method is the difficulty of 

calculating bootstrap support in the same way as with smaller sequence alignments. In 

short, traditional bootstrapping for phylogenies from sequence alignments works by 

randomly sampling sites from the alignment and building the tree again from the sample 

to check if the tree branches are consistent when different samples are used (123). The 

ANI method also aligns sequences from genomes against each other in order to calculate 

an overall percentage similarity, but to the best of my knowledge no existing ANI 

software will provide the alignments as output to the user, and so the results of an ANI 

analysis cannot easily be bootstrapped in the same way. ANI calculations between 190 

genomes are also far more computationally intensive than marker gene alignments. 

 

Network trees are useful for the interpretation of more complex evolutionary 

relationships. When the data is ambiguous or contradictory, as in the case of the 

recombinant clades for which some marker genes are closer to P. megaterium 

sequences and some are more similar to P. aryabhattai sequences, a classical bifurcating 

tree must make some compromise and place the clade in one position or another. A 

network tree instead represents the conflicting data as a phylogenetic network where 

splits between taxa can be represented by parallel edges rather than single branches. In 

this study, the phylogenetic network (Figure 2-1c) shows the uncertainty of the 
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placement of the recombinant clades by the combined width of their parallel branches, 

with the distance to the megaterium and aryabhattai clades varying according to 

different parts of the dataset.  

 

My results expand on the findings of the previous studies of the species identification 

of P. aryabhattai by showing that the average ANI between the two groups when 

considering all available genomes (95.2%) is lower than the value that was found by 

comparing a single pair of genomes (100). Additionally, the average dDDH value 

between species that was found in this study was 64%, which disagrees with Shivaji 

et al.’s DDH result of 35% (76) but is still lower than the 70% threshold. Finally, the 

phylogenetic trees using all available genomes showed four separate clades that were 

not apparent in the previous studies which compared one genome from each group 

(76,100). 

 

During the writing of this thesis, a study was published that described a novel 

P. megaterium strain and also constructed a phylogenetic tree of 26 P. aryabhattai and 

P. megaterium genomes, and noted the presence of two separate clades (124). The 

present study uses all available genome assemblies – 189 P. megaterium/aryabhattai 

genomes – and shows that the complete phylogenetic tree contains four robust clades, 

not only two, and that the dDDH similarity between the aryabhattai and megaterium 

clades is below the 70% same-species threshold. 

 

Table 2-3 lists 17 genome assemblies in GenBank which currently have species names 

which do not match the clade that they are placed in by this phylogenetic analysis. Most 

of these genomes are from large environmental sequencing projects from which many 
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assemblies were generated and given the same species name, when in fact some fall 

under the megaterium and some under the aryabhattai clades. The common practice of 

finding the closest database match by ANI to new isolates is much more likely to give an 

accurate answer for these two species than using only the 16S rRNA gene (Figure 2-1); 

however, knock-on errors are caused when existing database genomes are already 

misnamed. Our new P. aryabhattai genomes, whose closest database matches are 

strains named P. megaterium that belong in the aryabhattai clade, are prime examples 

(Table 2-1). This compounding problem of publishing misidentified species using a single 

identification method has already been discussed at least 20 years ago (70). 

 

As an example of the confusion caused by species misidentification, a 2017 study 

(125) compared the gene content of eight P. aryabhattai strains to five P. megaterium 

strains, but used several strains in their comparison whose names do not match their 

clade according to my results: P. aryabhattai C765 was renamed to megaterium in 2018, 

P. megaterium Q3 consistently placed in the aryabhattai clade in my analysis, and 

P. aryabhattai AB211, P. aryabhattai B8W22, and P. megaterium WSH-002 were in the 

recombinant clades in my trees. 
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Table 2-3: Suggested renaming of Priestia GenBank assemblies whose names do not match the clade that 
they consistently placed in during this study. 

Accession no Current name Suggested name 

GCA_014932925.1 Priestia aryabhattai s1338 Priestia megaterium s1338 

GCA_015845475.1  Priestia aryabhattai G25−109 Priestia megaterium G25−109 

GCA_019748835.1 Priestia aryabhattai I1−B2 Priestia megaterium I1−B2 

GCA_019748735.1 Priestia aryabhattai I1−P1 Priestia megaterium I1−P1 

GCA_019748815.1 Priestia aryabhattai I1−P3 Priestia megaterium I1−P3 

GCA_017743055.1 Priestia aryabhattai LAD Priestia megaterium LAD 

GCA_014138775.1 Priestia aryabhattai S00060 Priestia megaterium S00060 

GCA_009497655.1 Priestia megaterium A Priestia aryabhattai A 

GCA_017086545.1 
Priestia megaterium 

CDC2008724129 

Priestia aryabhattai 

CDC2008724129 

GCA_007678145.1 Priestia megaterium DE0183 Priestia aryabhattai DE0183 

GCA_007677165.1 Priestia megaterium DE0260 Priestia aryabhattai DE0260 

GCA_007674025.1 Priestia megaterium DE0315 Priestia aryabhattai DE0315 

GCA_007673295.1 Priestia megaterium DE0377 Priestia aryabhattai DE0377 

GCA_007672925.1 Priestia megaterium DE0399 Priestia aryabhattai DE0399 

GCA_007672525.1 Priestia megaterium DE0420 Priestia aryabhattai DE0420 

GCA_001050455.1 Priestia megaterium Q3 Priestia aryabhattai Q3 

GCA_003072605.2 Priestia megaterium YC4−R4 Priestia aryabhattai YC4−R4 

  

 

Another study from 2015 (126) isolated 395 strains from 55 species including seven 

P. megaterium and four P. aryabhattai, identified by 16S rRNA gene sequencing, and 

tested each species for plant growth promoting traits such as ion solubilisation and 

nitrogen fixation. However, my results have found that the 16S rRNA gene cannot be 

used to differentiate between strains of the two clades because there is no clustering of 

the two clades on the 16S tree (neither by GenBank assigned names nor by the clade 

names assigned in this study); the sequences of the two clades often have no nucleotide 
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differences between them, despite the differences across the rest of the genome. The 

study did not name the closest matching 16S rRNA sequence in the database that each 

strain was matched to. Further, the results of the plant growth promotion (PGP) traits 

for each strain were summarised using one representative strain for each species – the 

study does not describe whether the species were internally consistent or how 

accurately the representative strains can represent their species. This means that it is 

likely that the study used some P. megaterium and P. aryabhattai strains which were 

misidentified, and so the pattern of results in PGP phenotypes that they found between 

the two species may not be robust. Future studies comparing the two species would 

benefit from species identification using whole-genome sequencing or PCR primers such 

as the ones presented in this study (see Chapter 2). 

 

This study echoes the call by previous authors for a modern polyphasic approach to 

bacterial taxonomy (127,128). In a recent example, a 16S rRNA gene tree of the 

Rhodobacteraceae group showed inadequate resolution to delineate most species 

because the 16S sequences were too conserved; instead, a polyphasic approach 

including protein alignments, similarities at each codon position, ANI, dDDH, and in silico 

predicted phenotypes provided enough resolution to split the group into two families 

and reclassify 327 species (122). Crucially, if an analysis is to decide if two groups are the 

same species or not, then the analysis must include multiple genomes from each group 

so that the tree structure can be assessed and the monophyly of each group can be 

determined. 

 

It has also been previously reported that using the 16S rRNA gene alone for 

phylogenetic inference can be problematic because it is often present in multiple copies 
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with non-identical sequences in the same genome (129). For example, our new 

P. aryabhattai genomes have between 13 and 17 copies each, as annotated by Prokka 

(130). The use of other single copy marker genes avoids the issue of having to arbitrarily 

choose which 16S copy to use for analysis.  

 

Whole-genome methods such as ANI should be included in a polyphasic taxonomy 

analysis, but they should not necessarily replace older methods such as phenotypic tests 

and marker gene alignment, because a more complete taxonomy of one’s bacteria of 

interest is gained by using multiple techniques to complement each other. However, the 

genes and phenotypes that work well as taxonomic markers are likely to be different in 

other groups of bacteria (131) and should therefore be chosen specifically. For example, 

the rpoB gene has often been used in preference to the 16S rRNA gene for distinguishing 

Bacillus species (132,133) and also showed a strong phylogenetic signal in my results. 

 

Problematically, there seems to be no standard methodology for comparing the 

phenotypes of Priestia isolates. The previous studies that compared P. megaterium to 

P. aryabhattai used different phenotype tests to each other and reached opposite 

conclusions on whether the two species are synonyms or not (76,100). We used an array 

of 61 phenotype tests to compare 13 isolates, but the test kit was unable to identify 

which clade any strain belonged to because no single test gave a consistent result for all 

members of one clade and a different result for the other clade. This may be because 

P. megaterium is a species with a large genome and a generalist lifestyle, that lives in 

diverse environments and may be capable of switching on or off the expression of some 

of the functions which have been tested for. Identifying the biochemical tests and gene 
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sequences that are useful for a particular bacterial genus may require deeper 

investigation into the traits that differ between the relevant species. 

 

Since the dDDH scores between genome assemblies of P. megaterium and 

P. aryabhattai are always well below the threshold of 70%, and the two groups form 

robust, separate, monophyletic clades, they can be considered as separate species, but 

the low ANI distance between the clades and the existence of recombinant strains in 

natural samples isolated from various environments suggests that the speciation may 

still be ongoing. Nevertheless, the results of this study support the preservation of the 

two species names for the two clades, and I will therefore refer to both P. megaterium 

and P. aryabhattai as species throughout the rest of this thesis.  
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Chapter 3 — Gene content comparison of Priestia megaterium and 
Priestia aryabhattai  
 

Introduction 

 

From the results of Chapter 2, it can be seen that Priestia aryabhattai and Priestia 

megaterium appear to be undergoing a speciation event, but the cause of this ongoing 

divergence is unknown. Speciation may be caused by natural selection operating on 

particular genes of strains under different selective pressures, which can be related to 

different habitats or environmental changes, or by random genetic drift (42). Drift may 

occur in species that have limited dispersal capabilities between subpopulations that 

consequently show strong biogeographic patterns – for example, obligate pathogens 

and symbionts which can only survive within a host and which experience population 

bottlenecks during transmission between hosts (134). Priestia species are able to 

produce resilient spores, and their dispersal appears to be relatively unconstrained. The 

phylogenetic trees of Priestia genome assemblies (Chapter 2) showed a lack of 

biogeographic structure, with strains sampled from different global regions placed on 

adjacent tree tips, and no clades that corresponded to specific countries or regions 

(Figure 3-1). Therefore, the speciation between P. aryabhattai and P. megaterium may 

be driven by natural selection to adapt to the environment. 
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Figure 3-1: Zoomed view of the aryabhattai clade from Figure 2-1. Tips are labelled with the country 
from which the sample was taken. A biogeographic clustering effect, in which strains from nearby 
locations are more genetically similar to each other than to strains from other locations, cannot be 
discerned. Strains on the tree are globally mixed, with Singapore, China, and USA samples spread 
throughout all subgroups.  
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The available biochemical tests on the strains’ phenotypes (Table A-2) were unable to 

identify any consistent functional differences between the two species. If the speciation 

is due to adaptation to a new ecological niche, rather than random drift, then identifying 

the genes which have undergone the most changes between the two species can 

provide clues as to what that new niche is. To investigate the evolutionary split further, I 

therefore looked for differences in gene content between the two groups. 

 

Although 95% ANI is considered the standard species threshold, there is precedent 

for bacterial groups which are more than 95% similar to nonetheless be considered as 

separate species if they contain group-specific genes with important functions. A good 

example is Bacillus cereus sensu lato, another member of the family Bacillaceae, which 

contains several closely related groups that are up to 98% similar to each other by ANI 

(Table 3-1), but with each having unique toxin genes which define their roles as 

pathogens of different animal hosts (135). 

 

It is the genes that are shared but different among the two species that are the actual 

cause of the lower ANI values between the species (Table 2-2), since the ANI method 

works by first aligning the genome sections which are homologous and then counting 

the number of sites which are identical and different for each alignment. The genes 

which are only found in one species have no effect on these genome similarity scores. It 

is therefore possible for bacteria which are extremely closely related by ANI to have 

unique, species-defining functions.  
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Table 3-1: Whole-genome ANI scores (%) between pairs of Bacillus cereus sensu lato strains, which have important functional differences between the anthracis, cereus and 
thuringiensis groups despite their high genome similarity. Three genomes of each species were downloaded from GenBank and compared using FastANI.  

 
 Bacillus cereus anthracis Bacillus cereus cereus Bacillus cereus thuringiensis 

CMF9 Ames 

ancestor 

Vollum 30075 ATCC 

14579 

FORC 

047 

IMBL-B9 KF1 LX43 

Bacillus 

cereus 

anthracis 

CMF9 - 
       

 

Ames ancestor 97.40 - 
      

 

Vollum 97.39 99.98 - 
     

 

Bacillus 

cereus 

cereus 

30075 97.23 97.14 97.19 - 
    

 

ATCC 14579 91.72 91.82 91.80 91.79 - 
   

 

FORC 047 91.44 91.54 91.57 91.40 96.91 - 
  

 

Bacillus 

cereus 

thuringiensis 

IMBL-B9 91.32 91.23 91.28 91.35 96.97 96.02 - 
 

 

KF1 94.03 94.26 94.32 93.94 91.81 91.74 91.45 -  

LX43 91.75 91.92 91.96 91.84 98.39 96.46 96.50 91.98 - 
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The key question that motivates this Chapter is whether there are functional 

differences between P. aryabhattai and P. megaterium. I therefore analysed the gene 

content of the two species to look for species-specific genes and changes in protein 

sequences. The total set of genes that are present in a group of genomes are described 

as part of the core genome or accessory genome, depending on how many genomes 

each gene is present in. 

 

The core genome consists of the genes which are found in all strains in a group (136). 

Some authors also consider a relaxed core genome of genes found in at least 95% of the 

genomes in a group, rather than only the strict core genome of genes in 100% of 

genomes (137). In this study I examined the strict core genome because the objective 

was to find differences between all P. megaterium strains and all P. aryabhattai strains. 

The accessory genome is made up of the genes which are present in at least one 

genome but are not in the core genome (138). Genes which are found in exactly one 

genome are also known as singletons (139,140). The entire set of genes found in the 

group of genomes, including the core genome and the accessory genome, is known as 

the pangenome (141). 

 

This Chapter focuses on the core genome of the two species, assuming that a gene 

driving the speciation would logically be present in all members of at least one of the 

species. Identifying the core genome requires first identifying the genes from each 

strain’s genome which are homologous to each other – genes which were present in the 

common ancestor of two strains and so are now found in both descendants. 
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Homologs are classified as orthologs or paralogs depending on how they originated 

(142). Orthologs are copies of a gene in different genomes that were separated by a 

speciation event. Paralogs are copies of a gene, in the same or different genomes, that 

were created by a gene duplication event. In the example diagram below (Figure 3-2), 

each species has two copies of the gene. We can see that the pair of red copies (or 

equally, the pair of green copies) are orthologs by tracing their lineages back to when 

they split during the speciation. When we compare a red copy to a green copy, we can 

see that they split from each other as a gene duplication within the same genome and 

are therefore paralogs. Identifying orthologs and differentiating them from paralogs is 

important for comparing the gene content of the two species. The presence or absence 

of orthologs in modern genomes shows whether the same ancestral function is still 

present in both species, or whether one species has lost the gene over time. In contrast, 

paralogs that have been created by gene duplication are more likely to diverge in 

function over time (143). 

 

Common ancestor

P
aralogs

O
rthologs

P
aralogs

me
gat
eriu
m

aryabhattai

Gene
duplication

Speciation

Figure 3-2: Illustration of paralogous and orthologous genes. Paralogs result from the 
duplication of an ancestral gene within the same genome, whereas orthologs originate 
from the divergence of two lineages, such as speciation events.  

 



 
 

 51 
 

To investigate the differences in gene content between the P. megaterium and 

P. aryabhattai species, I annotated the genes present in each individual genome and 

then clustered the genes from all genomes into orthologous groups using a reciprocal 

best hits method. I showed differences between the two species both in the 

presence/absence of certain orthologs in each species, and also in the sequences of 

orthologs which are present in both species but with significant changes in protein 

sequence. 

 

As an additional benefit of this analysis, the identification of genes which are specific 

to each species will also allow for the design of PCR primers which can be used to quickly 

identify new isolates as being in the P. megaterium or P. aryabhattai species. Currently, 

researchers who culture new strains of P. megaterium or P. aryabhattai cannot be 

certain which species their isolate belongs to without investing the time and money to 

generate a whole-genome sequence. As discussed in Chapter 1, the common method of 

sequencing only the 16S rRNA gene is unreliable for these closely related bacteria. 

Instead, as a result of the analyses in this Chapter, I will identify species-specific genes 

and use them as a target for PCR primers for identifying these species. 

 

Methods 

 
Orthologous gene clustering 

 

I first identified the genes which are orthologous between the P. megaterium and 

P. aryabhattai species, and then analysed the differences in gene content between the 

two species using orthologs under two cases:  
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1. Orthologs which are found in genomes of both species, but with differences in 

the amino acid sequences between the two species. 

2. Species-specific orthologs, that are present in genomes from one species but are 

not found in genomes of the other species. 

 

The orthologs in case 2, which were found in all members of one species but none of 

the other, were also used to design PCR primers for the identification of the two species. 

 

Identifying the genes which are orthologous between genomes is complicated by the 

fact that a single gene can be present in more than one copy in a genome. To overcome 

this issue, a reciprocal best hits method can be used to cluster the genes of each 

genome into orthologous groups. This method compares the genes of each genome to 

every other gene in each other genome, in an all-vs-all manner, to find the sets of closely 

matching genes from different genomes which are more closely related to each other 

than to any other genes. Each set, or orthologous gene group, is a single protein-coding 

gene which was present in an ancestral genome and then copied into multiple 

descendants – the genomes which are now under study.  

 

From the 190 genomes used for the phylogenetic trees in Chapter 2, I selected the 18 

genomes which were listed in the GenBank database as assembled at the ‘Complete 

genome’ level – no sequence gaps in the bacterial chromosome, no more than nine 

consecutive unknown bases, and no unplaced scaffolds (144) – plus the 12 Priestia 

genomes that were generated from Singapore air samples. The resulting dataset 

contained 30 high-quality genomes, of which 13 were P. megaterium, 14 were 
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P. aryabhattai, two were from recombinant clade 1, and one was from recombinant 

clade 2, according to the phylogenetic trees (Figure 2-1). Each genome was annotated 

using Prokka (130) to find the protein-coding sequences. Having found the set of genes 

from each genomes, SwiftOrtho (145) was used to compare the genes in an all-vs-all 

manner and group them into sets of orthologous genes from different genomes, using a 

reciprocal best hits method. A custom python script was used to compare the output of 

SwiftOrtho against the complete annotated genomes and identify the unique genes 

which were only present in one genome and had no homologs. 

 

Pan-genome accumulation curve 

 

The number of genes (orthologs and singleton genes unique to individual genomes) in 

the pan-genome and core genome was calculated for the 30 genomes above using a 

custom R script. In this process, the 30 genomes were added to the dataset one by one 

in a random order and the pan/core genome was counted at each step. This was 

repeated 100 times to calculate the mean number of genes in the pan/core genome for 

each number of included genomes from one to 30. The pangenome curve was also 

calculated for only the 14 P. aryabhattai genomes and for only the 13 P. megaterium 

genomes. Exponential models of the form 𝑦 = 	𝑎𝑥# were fitted to the pangenome 

curves by using the optim function in R to minimise the residual sum of squares error. 
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Calculation of dN and dS 

 

After identifying the sets of orthologs among the 30 Priestia genomes, I created an 

analysis pipeline using python scripts that compares the gene sequences within each 

ortholog group and calculates the degree of sequence divergence between each 

genome for that ortholog. 

 

In the first step, the genes in each ortholog group were aligned against each other 

using MUSCLE (108). Alignments of both DNA and amino acid sequences were made and 

then used to create codon alignments for each ortholog group using Biopython (146). 

Codon alignments use the protein sequence to identify the position within a codon of 

each base in the DNA alignment, so that substitutions between sequences can be 

identified as synonymous or non-synonymous. Maximum-likelihood trees were then 

constructed from the alignments using FastTree 2.1.1 (147). 

 

The codon alignments were then used to calculate dN and dS, which are the number 

of nonsynonymous substitutions per nonsynonymous site (the proportion of 

substitutions that change the protein, out of those that could be made), and the number 

of synonymous substitutions per synonymous site (those that would not change the 

protein) (148). These were calculated by running MEGA version 10.1.7 (149) by 

command line from within the python scripts, using the Nei-Gojobori proportion method 

with uniform rates among sites and pairwise deletion of gaps.  

 

In order to identify the orthologs with the greatest sequence divergence between 

P. megaterium and P. aryabhattai, the dN and dS results for each ortholog were 
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calculated for ortholog pairs from the same species and for ortholog pairs from opposite 

species. The average dN for between-species pairs was used to rank orthologs by their 

divergence between species, whilst the dN and dS for within-species pairs were used to 

filter for genes which are relatively conserved within each species. This is because an 

ortholog which evolves quickly, with conspecific sequences showing many substitutions, 

would show a high dN between species but would not be useful for finding differences 

between the two species. 

 

Each strain was identified as either P. megaterium or P. aryabhattai, or as belonging 

to one of the recombinant clades, according to the results of the phylogenetic analysis in 

Chapter 1. For each alignment of orthologous genes, the genetic distance metrics listed 

above were used to rank the orthologs by their divergence between species as follows: 

 

1. Orthologs which were found in fewer than 95% of genomes of either species were 

excluded. 

2. Orthologs where the average pairwise dN within either of the two species was 

equal to or greater than 0.15, or the average pairwise dS within either species was 

equal to or greater than 0.175, were excluded. The gene trees made from 

orthologs with higher dN or dS values than these thresholds were unable to 

recreate the two species clades (as shown in Chapter 1) due to lack of sequence 

conservation within species. 
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3. The remaining 4197 orthologs were then ranked by a dN score: 

𝑑𝑁	𝑠𝑐𝑜𝑟𝑒 = dN(betw) − (dN(mega) + dN(arya)) 

Where, for an ortholog with sequences present in both species: 

dN(betw) is the average dN of pairs of sequences from opposite species 

dN(mega) is the average dN of pairs of sequences both from P. megaterium 

dN(arya) is the average dN of pairs of sequences both from P. aryabhattai 

 

Each orthologous gene group was also annotated using the Clusters of Orthologous 

Groups (COG) database (150) and the KEGG Orthology database (151), providing 

additional information on gene functions on top of the Prokka annotation. 

 

Whole genome synteny plots 

 

One genome from each of the four clades identified in Figure 2-1 was aligned against 

the reference genome assemblies for P. aryabhattai and P. megaterium. The reference 

genome assemblies used were the P. aryabhattai K13 and P. megaterium ATCC 14581. 

Genomes were selected for having few, well assembled contigs and a high N50. The 

whole genome alignments were performed using progressiveMauve 2.4.0 (115) and the 

results were visualised with the R package genoPlotR (152). 

 

Clustering of genomes by gene content 

 
The gene content of the 30 genomes was used to create phylogenetic trees, in order 

to compare the tree structure of the gene content trees to those created using sequence 

data (Figure 2-1). Using R 4.3.0 (153), the presence/absence of each of the 9,338 
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orthologs in each of the 30 genomes was used to calculate the Euclidean distance 

between each genome. Hierarchical clustering was then used with the complete linkage, 

single linkage, UPGMA, Ward’s clustering, and McQuitty clustering methods to group the 

genomes into clusters using the intergenomic distances. The same Euclidean distance 

matrix was also used to construct a midpoint-rooted neighbor-joining tree with the 

package ape v5.7-1 (111). 

 

PCR 

 

The PCR primers were designed with Primer3Plus (154) using sequences from 

adjacent species-specific genes. The target sequences were searched for in all available 

P. megaterium and P. aryabhattai assemblies in the GenBank database using BLASTN 

(155) to confirm their specificity. The sample preparation and PCR were performed by 

collaborators in the Singapore Centre for Life Sciences Engineering. 

 

Table 3-2: PCR primers used to detect strains of the species P. megaterium and P. aryabhattai. The 
primers for P. megaterium target a polyamine aminopropyltransferase gene followed by two hypothetical 
proteins. The P. aryabhattai primers target a small, acid-soluble spore protein gamma type and the 
alcohol dehydrogenase gene and unknown protein that flank it.  

Species Orientation Primer sequence 

Priestia megaterium 
Forward TCCGTGCATCATTTGTTTTACCT 

Reverse TGGATCCATTTTAAAGCCTCCT 

Priestia aryabhattai 
Forward GTCTTTGGTGCTAAAGTTATTGCA 

Reverse GCTGGACCAACAAGTGATAACT 

 

 



 
 

 58 
 

Bacterial culture and DNA template preparation 
 

 
The isolate strains identified as P. aryabhattai (SGAir0178, 0179, 0202, 0257, 0265, 

0269, 0414, 0425, 0427, 0563) were cultured in 5 mL tryptic soy broth at 30 ˚C 

overnight. The resulting cultures (5 mL) were centrifuged at 6000 x g for 10 min, and the 

pellets were suspended in the lysis buffer supplied in the Dneasy PowerWater DNA 

isolation kit (Qiagen, Germany). Genomic DNA was then extracted as described by 

Gusareva et al. (156). Strain SGAir0427 genomic DNA was extracted using the Wizard 

Genomic DNA Purification kit (Promega, USA). Following quantitation using Qubit 

(Invitrogen, USA), all genomic DNA was diluted to 10 ng/µL in ultrapure water for PCR. 

 

PCR conditions 
 
 
The primers used for this experiment are listed in Table 3-2. The reaction mixture for 

PCR (25 µL) consisted of 1x KAPA HiFi ready mix, 0.3 µM forward primer, 0.3 µM reverse 

primer, and 2.5 µL of diluted DNA (25 ng DNA). The PCR conditions were as follows: 

initial denaturation at 94 ˚C for 3 min, 30 cycles of denaturation at 98 ˚C for 30 sec; 

annealing at 50 or 58 ˚C for 20 sec; extension at 72 ˚C for 1 min, and final extension at 72 

˚C for 7 min. Annealing temperatures of 50 ˚C were sufficient for the P. aryabhattai 

primers. The annealing temperature was increased to 58 ˚C for the P. megaterium 

primers to remove off-target amplifications in the aryabhattai strains. 

 

PCR product purification 
 
 
The PCR products were purified with PureLink PCR Purification Kit (Invitrogen, 

Germany) by following company’s suggested protocol. All the purified PCR product was 
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submitted to Sanger sequencing. The sequenced PCR products were aligned against the 

targeted genomic regions using MEGAX (149) to confirm that the correct region had 

been successfully amplified. 

 

Results 

 

Pan-genome accumulation curve 

 

After identifying the orthologs among the Priestia genomes, the pangenome curves 

for each species were modelled in order to compare the genetic diversity of 

P. megaterium and P. aryabhattai. The combined 30 Priestia genomes had an average of 

5,730 genes each. As each of the 30 genomes were added, the core genome decreased 

in size to a minimum of 4,055 genes, and the pan-genome increased to a total of 14,037 

genes, including 9,338 ortholog groups and 4,699 strain-specific genes. These singleton 

genes, which were unique to individual genomes, were thus a substantial fraction (33%) 

of the pangenome for these 30 strains. The number of singletons per genome ranged 

from 42 to 351 with a mean of 156.6. 

 

Genomes in the megaterium clade had between 5,048 and 6,567 orthologs, with a 

mean of 5,577. The gene content of the aryabhattai clade ranged from 5,134 to 6,446 

with a mean of 5,548. No phylogenetic clustering of high or low gene content genomes 

was observed. 
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The curves that were fitted to the pangenome sizes for different numbers of genomes 

had exponential terms between 0.2 and 0.3, and showed no sign of reaching an 

asymptote in either species, indicating that both species have open pangenomes with 

unsampled diversity (157). The P. megaterium pan-genome showed a steeper and 

higher curve than the P. aryabhattai pangenome, showing that the P. megaterium 

species is not only more diverse in the number of sequenced genomes and in nucleotide 

substitutions (Chapter 2), but also in gene content. 

 

Core genome analysis 

 

The pangenome curve showed that the combined core genome of the two species 

contained 4,117 orthologs (Figure 3-3). The Venn diagram in Figure 3-4 shows the 

number of orthologs (excluding singleton genes, which are unique to one genome) that 

are unique to each species and shared by both species. The top row includes all core and 

accessory genes, with a total pangenome size of 9,270 excluding the recombinant 

clades. The middle row is the relaxed core genome of genes which are found in at least 

95% of genomes. The bottom row is the strict core genome of orthologs which are found 

in every genome in each species: 4,117 orthologs were found in every genome, with 46 

megaterium-specific and 21 aryabhattai-specific orthologs. 
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Figure 3-3: Pan-genome accumulation curves for 14 P. aryabhattai genomes (orange), 13 P. megaterium genomes (blue), and 30 combined Priestia genomes (red), including the 
previous 27 genomes plus two from recombinant clade 1 and one from recombinant clade 2 (Figure 2-1). The plots show the changing number of shared orthologs as genomes are 
added in a random order, with 100 repeats. The upper plots are the pangenome, including all orthologs present in at least one genome. The lower plots show the core genome of 
orthologs which are common to all genomes. The exponents of the fitted curves, being greater than 0, indicate an open pangenome. The steeper and higher pangenome curve for 
P. megaterium than for P. aryabhattai shows the greater diversity in gene content of the megaterium species per genome included. 
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Orthologs exclusive to P. megaterium and to P. aryabhattai 

 

From the ortholog clustering results I identified 46 orthologous genes which were 

present in every P. megaterium genome but absent from all P. aryabhattai genomes. 

Similarly, 21 genes that were found in all P. aryabhattai genomes were missing from 

every P. megaterium genome (Table A-4). About half of these species-specific genes are 

found adjacent to each other in the genome in several blocks of genes up to 10kb in 

length (Table A-4). The consistent presence and absence of the gene blocks in the P. 

megaterium and P. aryabhattai strains was confirmed by BLASTN searches for each gene 

block in all 190 Priestia genomes that were used in the phylogenetic study. Genomes in 

the ‘recombinant’ groups often contained some of these gene blocks from both the 

megaterium clade and the aryabhattai clade, with no clear pattern. 

megaterium
clade

aryabhattai
clade

1429All orthologs:

Strict core:

Relaxed core:

7827059

46

87

4117

4307

21

32

Figure 3-4: Core genome and pangenome sizes of 30 genomes from P. megaterium and P. aryabhattai, 
excluding singleton genes which are unique to one genome. Top row: the total number of core and 
accessory genes which are unique to each clade and shared between them. Middle row: the number 
of genes that are present in 95% of genomes in each clade. Bottom row: the number of genes which 
are found in every genome (13 and 14 respectively) of each clade.  
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The megaterium-exclusive orthologs included some that were present in multiple 

copies per genome, with each P. megaterium genome having one more ortholog group 

than P. aryabhattai, such as speE aminopropyltransferase, murF ligase, ilvB synthase, 

aroD/aroQ Shikimate kinases, aroE Shikimate dehydrogenase, garP galactarate 

transporter, yngG lyrase, yedA transporter, lysN transaminase, sspH small acid-soluble 

spore protein H, and yofA transcriptional regulator. Of particular note was iolG inositol 

2-dehydrogenase, which was present in an average of six copies in megaterium and only 

two in aryabhattai. Three genes were unique to the megaterium group: phnW 2-

aminoethylphosphonate--pyruvate transaminase, which has been linked to protection 

from hydroperoxide in Pseudomonas aeruginosa (158); safD sulfoacetaldehyde 

dehydrogenase, which is used for the metabolism of taurine as a nitrogen source (159); 

and phosphate-starvation-induced psiE, which is a transmembrane protein with 

unknown function. 

 

Similarly, the aryabhattai-exclusive orthologs included some genes with homologs in 

P. megaterium. The sspE gene – small acid-soluble spore protein gamma type – was 

present in only one copy in most P. megaterium genomes, but the P. aryabhattai 

genomes each contained two or three orthologs of this gene. Small acid-soluble spore 

proteins are transcribed during spore formation to protect the spore’s DNA from 

damage by UV radiation and other environmental stresses (160), and create a stockpile 

of mRNA molecules to be broken down for new RNA synthesis when the spore later 

germinates (161). The six sspE ortholog groups found in the 30 Priestia genomes were 

each very different in sequence, in accordance with previous studies that found that the 

gamma type SASP genes are not well conserved across species (162). Other orthologs 

with higher copy numbers in P. aryabhattai genomes were membrane protein insertase 
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misCA (synonym: yidC) and cadmium/cobalt/zinc antiporter czcD, which protects the cell 

by exporting heavy metals (163) including iron (164). 

 

Additionally, several orthologs that are associated with iron import had a higher copy 

number in P. aryabhattai genomes than in P. megaterium genomes. These were 

identified by Prokka and COG as iron permease efeU, iron transporter feoA, ABC 

siderophore transport permease yfiZ/fepD, iron dicitrate permease fecD, iron citrate 

binding protein yfmC/fecB, and iron transporter feoB. Several of these genes have 

previously been reported to be associated with plant growth promotion by rhizosphere 

bacteria due to the benefit of increasing the host plant’s iron uptake (165–171). 

 

PCR test for discriminating P. megaterium and P. aryabhattai 

 

To facilitate the identification and research of strains from these species, I aimed to 

provide PCR primers that can unambiguously place any new strain into one of the two 

similar species, without the need for whole-genome sequencing. The adjacent gene 

blocks found by homologous gene clustering are opportune targets for such a PCR test 

(Figure 3-5). By using primers that straddle two or more of the adjacent genes, it can be 

determined that the PCR reaction correctly amplifies the adjacent gene block that is 

exclusive to the relevant Priestia species, rather than any single gene in the block that 

may have homologs elsewhere in the genomes of the other species. 

 

Here I provide two pairs of PCR primers (Table 3-2); one pair for identifying 

P. megaterium, and another pair for identifying P. aryabhattai. Researchers can identify 
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which species their strain belongs to by running two PCRs, once with each pair of 

primers. Strains of each species should not react to the other species’ primers. 

 

Three blocks of adjacent genes were identified which are specific to the aryabhattai 

species, and eight such blocks that are only found in P. megaterium genomes (Table 

A-4). I used the largest gene block from each species as PCR targets (Figure 3-5). The 

P. megaterium primers cover an unknown gene (predicted as a hypothetical protein by 

Prokka) and approximately half of the speE (polyamine aminopropyltransferase) gene 

and another unknown gene that flank it. The P. aryabhattai primers target the spore 

coat gene sasP-B and the surrounding genes – adhT alcohol dehydrogenase and an 

unknown gene. The gel electrophoresis image shows the successful identification of four 

P. megaterium and ten P. aryabhattai strains using these PCR primers (Figure 3-5). The 

strains tested for the amplifications included three strains from culture collections and 

13 isolates from Singapore. 

 

The P. aryabhattai primers produced a faint band when tested on strains from the 

megaterium clade (Figure 3-5d). This PCR product was re-amplified to create enough 

material for Sanger sequencing, which showed that they were non-specific 

amplifications that could not be aligned to the target genomic region. In the same 

photograph, the isolate SGAir0427 (aryabhattai clade) produced a slightly larger PCR 

product than the other aryabhattai clade isolates. When sequenced, this PCR product 

had a 127 bp insertion in the intergenic region between sasP-B and the unidentified 

gene that was not present in the other isolates. The PCR primers were therefore 

accurate in discriminating isolates from the aryabhattai and megaterium clades. 
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The PCR primers were also tested on two isolates from recombinant clade 1: 

SGAir0424 and SGAir0428. SGAir0424 showed a clear band with only the aryabhattai 

primers whilst SGAir0428 produced a positive result with both the aryabhattai primers 

and the megaterium primers. The sequenced product for both of these isolates had the 

same 127 bp insertion as SGAir0427. 

 

Orthologs with sequence divergence between P. megaterium and P. aryabhattai 

 

In order to identify the set of orthologs with the greatest sequence divergence 

between species, I developed a metric, designated as the dN score, that used the 

average pairwise dN between the two species minus the average pairwise dN within 

each of the two species. The top 100 identified orthologs by this dN score are given in 

Table A-5, with names as identified by Prokka and UniProt. A large number of the top 

100 are unidentified proteins with closest database matches of less than 90% identity. 

 

The list of orthologs that have diverged between the species includes multiple which 

are related to the synthesis and use of cobalamin, a.k.a. vitamin B12. These include the 

cobS, cobD, and cobU genes from the cobalamin synthesis pathway (Figure 3-13) and a 

vitamin B12-dependent ribonucleotide reductase. Other orthologs that have diverged 

between the species include seven GNAT family acetyltransferases, three components of 

the PTS sugar transport system, three genes related to spore formation and 

germination, two prophages, two Shikimate kinases, and three genes related to 

flagellum formation. The details of these genes can be found in the Discussion section of 

this Chapter.
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Figure 3-5: PCR test to detect strains of P. megaterium and P. aryabhattai, targeting clade-specific orthologs. a, b: Examples of blocks of adjacent genes which are exclusive to 
P. megaterium and P. aryabhattai (see Table A-4 for full list). Red arrows indicate PCR primers (Table 3-2) which target these genes in order to identify which species a genome 
belongs to. Unlabelled genes are those with unknown function. a: 10.8kb sequence only found in P. megaterium genomes, containing eight genes. The narT and alsD genes are 
consistently found on either side of the block. b: 2kb sequence found only in P. aryabhattai genomes, containing three genes. The genomic region in which the block is found 
seems prone to rearrangement, with the flanking genes being inconsistent. c, d: results of PCR experiments using the primers from a and b to successfully amplify only the 
genomes from the relevant species. c: primers targeting P. megaterium but not P. aryabhattai. d: primers targeting only P. aryabhattai and not P. megaterium. Blue genome 
names are designated P. megaterium on GenBank, orange names are called P. aryabhattai. 
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Figure 3-6: Amino acid sequence alignment of the cobalamin synthesis gene cobU from 13 P. megaterium genomes, 14 P. aryabhattai genomes, and three genomes designated as 
recombinant genomes between the two clades. The orange, blue and green blocks to the left of the alignment show the species that each sequence belongs to; sequences are 
grouped vertically by a Neighbor-Joining tree (tree structure not shown). The average dN between P. aryabhattai and P. megaterium sequences is 0.049.  

 

Figure 3-7: Amino acid sequence alignment of the ascorbate-specific PTS system EIIB subunit from 13 P. megaterium genomes, 14 P. aryabhattai genomes, and three genomes 
designated as recombinant genomes between the two clades. The orange, blue and green blocks to the left of the alignment show the species that each sequence belongs to; 
sequences are grouped vertically by a Neighbor-Joining tree (tree structure not shown). The average dN between P. aryabhattai and P. megaterium sequences is 0.040. 
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Figure 3-8: Amino acid sequence alignment of paiA spermidine/spermine-N1-acetyltransferase and sporulation negative regulatory gene from 13 P. megaterium genomes, 14 
P. aryabhattai genomes, and three genomes designated as recombinant genomes between the two clades. The orange, blue and green blocks to the left of the alignment 
show the species that each sequence belongs to; sequences are grouped vertically by a Neighbor-Joining tree (tree structure not shown). The average dN between P. 
aryabhattai and P. megaterium sequences is 0.043.  

 

Figure 3-9: Amino acid sequence alignment of flagellar biosynthesis gene flhF from 13 P. megaterium genomes, 14 P. aryabhattai genomes, and three genomes 
designated as recombinant genomes between the two clades. The orange, blue and green blocks to the left of the alignment show the species that each 
sequence belongs to; sequences are grouped vertically by a Neighbor-Joining tree (tree structure not shown). The average dN between P. aryabhattai and P. 
megaterium sequences is 0.035.  
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Alignment of whole genomes to reference genomes 

 

A genome from each of the four clades was aligned against a reference genome of 

P. aryabhattai and of P. megaterium in order to assess the level of synteny between 

clades and the similarity of the recombinant clades to the aryabhattai and megaterium 

clades. The results (Figure 3-11) showed high identity between genomes within the 

megaterium clade and within the aryabhattai clade, as expected, and also a high level of 

synteny between these two clades. The recombinant clades both showed a loss of this 

synteny, suggesting that they cannot be ancestral to the larger group. These clades also 

showed a mosaic pattern of genomic segments with higher identity to either the 

megaterium or aryabhattai reference genome, suggesting extensive horizontal gene 

transfer between these groups. 

 

Nucleotide identity of orthologs to reference genomes 

 
The common orthologs between one genome from each clade were aligned against 

those from the reference genomes of P. megaterium and P. aryabhattai, in order to 

determine whether the coding sequences from the recombinant clades were more 

similar to those of the megaterium or aryabhattai clade. The graph (Figure 3-10) shows 

the number of orthologs that were closer to each reference for each clade. As expected, 

most of the orthologs from the megaterium and aryabhattai genomes showed higher 

similarity to their respective reference genome. The recombinant clade genomes 

showed a more even ratio of orthologs, with over one third showing closer identity to 

megaterium and the rest being closer to aryabhattai. 
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Figure 3-10: Nucleotide identity of orthologs from each of the four clades identified in Figure 2-1 to the 
reference genomes of P. aryabhattai and P. megaterium. For each clade, the stacked bars show the 
number of orthologs from one genome which had higher similarity to the P. megaterium reference or to 
the P. aryabhattai reference, or equal similarity to both references. As expected, most orthologs from the 
megaterium and aryabhattai clades are more similar to their corresponding reference genome. The 
recombinant clades showed more even proportions of ortholog identities, with over half of orthologs 
being closer to P. aryabhattai but also a large proportion that matches more closely to P. aryabhattai. 

 

 
Clustering of genomes by gene content 

 
In order to test for internal consistency of the gene content within the clades, 

cladograms were recreated by clustering algorithms on gene content data (Figure 3-12). 

The distance measure used to determine distance between genomes had no effect on 

the clustering found. Six different clustering algorithms produced minor variations in the 

trees. Each method successfully recreated the larger megaterium and aryabhattai 

clades, showing that these clades have their own core genomes which are more 

internally similar than they are to those of other clades. However, three aryabhattai 

genomes (P. aryabhattai SGAIr0202, SGAir0425, SGAir0563) and one megaterium 
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genome (P. megaterium FDU301) were consistently placed in an outside clade due to 

their unusual gene content, despite their robust position within their respective clades 

when building trees from sequence data (Figure 2-1). 

 

The results also showed that the gene content of the genome from recombinant 

clade 2 was more similar to the aryabhattai clade, placing the genome consistently 

within this clade. The gene content of the genomes from recombinant clade 1 was more 

difficult to define by similarity, and was placed either within the megaterium clade or 

between the megaterium and aryabhattai clades by the different clustering algorithms. 
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Figure 3-11: Whole genome alignments of one genome from each of the four clades identified in Figure 2-1 (centre of each plot) to reference genomes of P. aryabhattai and 
P. megaterium (top and bottom of each plot). Blue genome segments and connecting lines have higher similarity to the P. megaterium reference; orange segments have higher 
similarity to the P. aryabhattai reference. The recombinant clade genomes show mosaics of sections with higher identity to both reference genomes, and loss of the clear synteny 
that is present between the megaterium and aryabhattai clades.  
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Figure 3-12: Hierarchical clustering on the presence/absence of 9,338 orthologs in 30 P. aryabhattai/megaterium genomes. The results of six different clustering algorithms are 
shown. Genomes are coloured according to the clade in which they were found in Figure 2-1: blue, megaterium; orange, aryabhattai, green, recombinant clade 1, pink, 
recombinant clade 2. The gene content tree largely recreates the megaterium and aryabhattai clades, but some strains with unusual gene content form a group outside the larger 
clades. Each clustering method places the genome from recombinant clade 2 within the aryabhattai clade, but the position of the recombinant clade 1 genomes varies.  
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Discussion 

 

Ortholog clustering by the reciprocal best hits approach 

 

I used a reciprocal best hits (RBH) analysis to identify sets of orthologous genes 

among the Priestia genomes. This method is used ubiquitously in the field of 

comparative genomics but there has been some debate as to whether it can reliably find 

orthologs rather than paralogs, another type of homologous gene. 

 

The RBH method is purported to identify sets of orthologs and not paralogs. This is 

because orthologs are thought to evolve more slowly and conserve their function more 

than paralogs do, because when a gene duplication occurs, a redundant copy of the 

gene is created which is free to accumulate mutations and even changes of function 

without affecting the function of the other copy (172). Thus, paralogs are expected to 

diverge from each other, but orthologs between closely related genomes should be 

more conserved. 

 

Modern orthology inference tools, such as SwiftOrtho (145) which was used in this 

study, extend the RBH method to identify not just ortholog relationships but also 

paralogs. After identifying genes from different genomes as orthologs by RBH, each 

individual gene in the ortholog group recruits other genes from their own genome into 

the ortholog group as inparalogs. If a gene in the ortholog group has another gene in its 

own genome that it matches to better than to its orthologs in other genomes, the new 

gene is added to the ortholog group. It is inferred to be an inparalog to the closely 
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matched gene from the same genome, and a co-ortholog to any such inparalogs in the 

other genomes. This extended RBH method allows for genes with complex evolutionary 

histories and multiple copies to be classified using three different relationship types, 

improving on the simple RBH method, and the relationships inferred are in strong 

agreement with reference gene phylogenies that were determined with classical tree-

based methods (145). 

 

The present study focuses on functional comparisons between P. megaterium and 

P. aryabhattai rather than the phylogenetic history of each ortholog group. Genes of 

note were investigated along with their inparalogs in order to account for the presence 

of copy number variation between the two species, without making conclusions on the 

evolutionary history of each ortholog. 

 

Pangenome curve modelling 

 

The models fitted to the pangenome accumulation curves for the 30 available high-

quality P. aryabhattai and P. megaterium genomes had exponents from 0.21 to 0.3, 

depending on the strains included, and showed no sign of flattening out at 30 genomes 

(Figure 3-3). These results show clearly that each new strain adds previously unseen 

genes and that the species possesses yet more diverse orthologs and singleton genes 

that were not seen with our dataset of the 30 complete genomes. To give perspective, 

the number of ortholog groups was 9,338, and the number of singleton genes was 

4,699, meaning that for the 30 genomes, over half of the pangenome consisted of genes 

that were unique to one genome only. The analysis of singleton genes was outside the 

scope of this study but researchers who work on individual strains of P. megaterium or 
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P. aryabhattai would do well to identify their strain’s unique genes and how they are of 

benefit to the strain in its local environment. The core genomes and pangenomes that 

were identified in this study can contribute to the identification of such singletons. 

 

The idea of finding the exponent of a model 𝑦 = 𝑎𝑥# where 0 < 𝑏 < 1 to define an 

open or closed pangenome comes from Heap’s Law, which has previously been used to 

explore the increasing number of unique words as a text document’s length increases 

(173). The concept was adapted to describe pangenomes by Tettelin et al. (157), who 

suggested that the pangenome is closed when 𝑏 ≈ 0 and the rate of discovery of new 

genes as more genomes is added becomes insignificant.  

 

In addition to this model of increasing pangenome size as genomes are added, their 

paper also described an equivalent model which gives the number of additional genes 

that are added per new genome as 𝑦 = 𝑥(%&') =	𝑥&)  where 𝛼 = 1 − 	𝛾. With this 

model, the pangenome is considered closed if 𝛼 > 1 as the curve flattens out, or open if 

𝛼 ≤ 1 where the number of new genes discovered per genome is still decreasing. Such 

models can also be extrapolated to predict the expected size of the final pangenome 

when enough genomes have been sequenced that the rate of new gene discoveries 

becomes close to zero, but the low number of high-quality Priestia genomes and the 

steep curve at 30 genomes would make such predictions difficult to perform accurately 

for these species. 
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Clustering of genomes by gene content 

 

An open question in bacterial genomics is whether the pangenome can be used to 

measure the genetic cohesion of a species, and hence whether it is possible to construct 

accurate phylogenies using gene content data (21). By definition, a gene that is a 

singleton cannot be used for the clustering of strains, since it is not shared by any set of 

genomes, but the presence or absence of genes in the core and accessory genomes can 

be used to construct cladograms. The results of constructing the 

megaterium/aryabhattai group phylogeny from gene content data (Figure 3-12) showed 

that the method was less accurate than sequence-based methods for this group of 

organisms; some genomes which were reliably shown to be within the megaterium and 

aryabhattai clades by gene sequences and whole-genome distances were instead placed 

outside of these clades when clustering by gene content. The positions of the 

recombinant clades in the tree were also different from those that were found using the 

clonal genome phylogeny (Figure 2-4). 

 

A recent study on Bacillus and Streptomycetaceae genomes that despite frequent 

horizontal gene transfer, family-level phylogenies constructed from gene 

presence/absence were in broad agreement with core gene sequences and ANI, but not 

16S rRNA (174). However, a similar study found no correlation between ANI and 

percentage of shared genes for genomes within the same species (1). The method of 

delineating species by shared gene content may be more accurate for well-separated 

species than for fuzzy species with mosaic genomes of mixed gene content, but is also 

limited by the need for abundant high-quality whole genome sequences. 
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Whole-genome alignment 

 

The results of Chapter 2 showed that the two minor clades in the 

megaterium/aryabhattai group had intermediate positions in the group’s phylogeny, 

which were inconsistent between the gene sequences that were used for the analysis. 

When calculating whole-genome distances, these minor clades were also intermediate 

between the aryabhattai and megaterium clades, at around 95.5—96.5% ANI. The clonal 

genome analysis indicated that strains in the megaterium/aryabhattai group have 

regions that have been potentially affected by recombination throughout their 

genomes. Further, the genomic regions which were present in only one of the 

megaterium or aryabhattai clades were not consistent in the minor clades, with some 

but not all of these genomes containing clade-specific orthologs from either megaterium 

or aryabhattai. Based on these results, I hypothesised that the small, intermediate 

clades were likely to be mosaic genomes that had been produced by extensive 

recombination between the clades. 

 

To check for mosaic genomes as evidence for recombination, I tested the regional 

similarity across genomes from different clades, by whole-genome alignments and also 

by alignment of coding sequences. These analyses showed that the genomic regions 

(Figure 3-11) and coding sequences (Figure 3-10) from the megaterium and aryabhattai 

groups had higher similarity to the reference genomes from the same clades, as 

expected, and that these two clades had a high degree of synteny to each other. 

However, the genomes from the recombinant clades showed a more even proportion of 

regions and coding sequences that were more similar to each reference genome. This 

result would also be consistent with the hypothesis that the recombinant clades are 
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closer to the ancestral genomes of the larger group, causing them to be equally distant 

to both larger clades which diverged from them. However, this idea is contradicted by 

the loss of synteny in the recombinant clades that was present in the megaterium and 

aryabhattai clades. This suggests that the megaterium and aryabhattai clades resulted 

from an earlier split, and that the recombinant clades were formed later by horizontal 

transfer between the larger clades. 

 

However, the specific regions which have been affected by recombination between 

these clades remain unknown. Future investigators may use explicit methods of 

horizontal gene transfer detection in order to identify specific events and the genes 

transferred within this lineage and from external sources (175–177). The extensive 

recombination within these clades also caused difficulties in designing PCR primers 

which react specifically to one clade’s strains, as genomic regions that are thought to be 

exclusive to a clade may be found in a genome from the recombinant clades. A better 

understanding of the genomic regions which are more prone to recombination in this 

group would aid primer design by allowing a search for regions which are free of 

horizontal transfers, but still contain clade-specific genes, if such regions exist. 
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Orthologs with high dN score between species 

 

Cobalamin synthesis pathway genes 

 

The results of calculating the dN score for the orthologs in the shared core genome 

of the two species names showed that, among the orthologs that are most highly 

divergent between the species, several are involved in the synthesis of  

adenosylcobalamin a.k.a vitamin B12. Strains of P. megaterium and P. aryabhattai use 

the anaerobic pathway for cobalamin synthesis (Figure 3-13). 

Figure 3-13: Adenosylcobalamin synthesis pathway, reproduced from Balabanova et al. 2021. The red 
genes (top right) show the aerobic pathway of Paracoccus denitrificans; the blue genes (top centre) show 
the anaerobic pathway of P. megaterium. Several genes near the end of the pathway show amino acid 
substitutions between P. megaterium and P. aryabhattai: cobD, cobU, and cobS.  
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Four consecutive steps near the end of the pathway are catalysed by the three 

proteins CobD, CobU (Figure 3-6), and CobS. When the 4,197 core genome orthologs 

were ranked by the average dN between species, the genes encoding these proteins 

were ranked 374th (dN score = 0.011), 31st (dN score = 0.049), and 17th (dN score = 

0.049). P. megaterium has in fact become an important species for research on the 

synthesis of the complex B12 molecule and for producing it on an industrial scale 

(86,178,179); if manufactured abiotically, vitamin B12 would require a chemical 

synthesis pathway of about 70 different steps (180). 

 

The selective benefits of changes to the B12 synthesis pathway are difficult to 

speculate on because vitamin B12 has many uses in nature, acting as a coenzyme for 

numerous multipurpose enzymes (87). The functions of B12-dependent enzymes range 

from essential methionine synthesis (181), to inducing gene expression in response to 

light (182), to the bioremediation of anthropogenic estrogen pollution (183). As a further 

complication, B12 is a community resource that is produced de novo by just over a third 

of prokaryotes but is needed by almost all (184), as well as by eukaryotes including algae 

(185) and humans (186). Thus, the benefit to P. aryabhattai of the substitutions in the 

B12 synthesis genes could be related to an interaction with another organism and may 

not become apparent when studying P. aryabhattai alone. 

 

The sequence substitutions in multiple B12 synthesis genes in P. megaterium and 

P. aryabhattai warrant further experiments to compare the structure of the cobalamin 

produced by each. Alternatively, rather than changing the physical product of the 

pathway, the effects of these genetic changes may instead relate to the efficiency of B12 
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production in different environments. A comparison of the growth of each species in 

various locations, conditions, and climates would be a good starting point for this 

question. 

 

Additionally, the 4th highest ortholog by dN score was identified as a vitamin B12-

dependent ribonucleotide reductase (RNR) (dN score = 0.320). These class II RNR 

enzymes reduce ribonucleotides to deoxyribonucleotides, which are in turn used for 

forming DNA, by breaking the bond between the central cobalt ion and the upper ligand 

of adenosylcobalamin (187).  

 

Class II (B12-dependent) RNRs have been well studied in Pseudomonas aeruginosa. A 

previous study investigated the differential expression of B12-independent class I RNR 

and B12-dependent class II RNR at different stages of the bacteria’s growth cycle (188). 

It was found that the exponential growth phase had high expression of class I and low 

expression of class II, but that the expression pattern switched upon entry to the 

stationary phase, with a 6-fold reduction in class I expression and a 6-fold increase in 

class II expression. The authors posited that the role of the class II RNR is to provide 

enough deoxyribonucleotides for DNA repair and a low rate of replication during low 

oxygen stress. Subsequent studies confirmed that under anaerobic conditions, B12-

dependent RNR was essential for rescuing impaired growth, and for modulating the 

switch from the planktonic to the biofilm lifestyle (189,190). Experiments to compare 

the tolerance of P. megaterium and P. aryabhattai to low oxygen availability, including 

the ability of each to form biofilms under such conditions, may help to explain the 

sequence divergence in this gene. 
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PTS sugar transport genes 

 

 The orthologs with the 2nd and 3rd highest dN scores were the genes for the EIIB 

(dN score = 0.404, Figure 3-7) and EIIC (dN score = 0.282) subunits of the ascorbate-

specific PTS sugar transport system. PTS systems transport different sugars across the 

cell membrane whilst also phosphorylating them to prevent the sugar from passing back 

out of the cell. This process is performed by enzyme EII, which is composed of subunits 

EIIA, EIIB, and EIIC, the latter of which is the transmembrane component with the sugar 

binding site (191). The phosphate is removed from a PEP molecule by EI, then 

transferred to HPr, then EIIA, then EIIB, and then to the imported sugar. The first 

proteins in the sequence, EI and HPr, are shared by multiple PTS systems, but the EII 

subunits A, B and C have different genes for each PTS system that transports one or 

several specific sugars (192). 

 

For the ortholog with the highest dN score (0.496), it was difficult to identify a gene 

function due to its low alignment identity (less than 48%) to proteins from species other 

than Priestia megaterium, but it seems to be a regulator of the PTS system for 

transporting either mannose or beta-glucosides. PTS systems are often regulated by 

proteins that contain domains resembling EIIA, EIIB, or EIIC of the PTS protein. The 

domain and method of regulation differs between PTS systems and between species, 

but often involves one of the PTS subunits changing the phosphorylation state of the 

regulator’s domain in response to a change in the concentration of the target sugar 

outside the cell, thereby regulating its own expression as needed (193). The protein 

identification results from Prokka and UniProt indicate that this ortholog contains an 
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EIIA domain, and most closely resembles the ManR transcriptional regulator of the 

mannitol/fructose PTS (194), or BglG, which regulates the beta-glucosides PTS (195). 

 

PTS genes can also have additional functions such as gene regulation of other sugar 

transport systems (196,197). In E. coli, EIIA communicates with the chemotaxis pathway 

to move the cell toward higher concentrations of sugars (198). The PTS system can also 

be a target for antimicrobial peptides from other bacteria (199), for viral DNA insertion 

(200), and for antibiotics (201). In order to investigate any changes in function of these 

PTS orthologs between P. megaterium and P. aryabhattai, strains of the two should be 

compared for their rate of utilisation of different sugars, and for their susceptibility to a 

range of viruses and antibiotics. 

 

Prophage proteins 

 

The 10th (dN score = 0.050) and 36th (dN score = 0.033) orthologs by dN were 

endogenous phage proteins. The integration of phage DNA into the bacterial genome is 

sometimes advantageous for the bacteria when the gene product has a useful function, 

such as a toxin that enables the bacteria to act as a pathogen (202). In E. coli, a prophage 

sequence encodes a protein which binds to the mannose PTS system to prevent 

infection by external viruses, and regulates the cell cycle (200). As another example, in 

Shewanella oneidensis, a prophage sequence controls the formation of biofilm in 

response to cold temperatures (203,204). Since these prophage orthologs seem to have 

been kept in the Priestia core genome since the common ancestor of P. megaterium and 

P. aryabhattai, they may also have useful functions that could be investigated in the 

future. 
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Sporulation-related genes 

 

Three orthologs were related to spore formation and germination. The rank 6th 

ortholog was identified as a sporulation-associated protein with an unknown function 

(dN score = 0.076), and number 33 as a sporulation negative regulatory protein (dN 

score = 0.034, Figure 3-8). The 47th ortholog’s best match was the stage V sporulation 

protein E (dN score = 0.030), which is expressed about two hours into the sporulation 

process (205), but this gene had a high BLASTP e-value of 0.069 and so was not reliably 

identified. These proteins all had low identity to their closest matches outside of 

P. megaterium/aryabhattai – 31.2%, 75.1%, and 51.7% – which reflects the large 

variation in sporulation gene sequences between species (206). 

 

The 33rd ortholog showed a high sequence similarity to the Bacillus subtilis gene paiA, 

which encodes an N-acetyltransferase that acetylates spermine and spermidine, and 

may have a role in the bacterial stress response by regulating the binding affinities of 

other gene regulators (207). This gene has also been shown to be an inhibitor of the 

sporulation process (208). In Enterococcus faecalis, a biofilm-forming human pathogen, 

the level of expression of paiA changed when the cells were in a biofilm versus when 

they were planktonic, but since E. faecalis is not a spore-forming organism, this is likely 

related to another function of paiA (209). 
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Flagellar assembly genes 

 

The 38th, 39th and 81st orthologs in the top 100 were the genes for flagellar hook-

length control protein, fliK (dN score = 0.032); flagellar hook-associated protein, fliT (dN 

score = 0.032); and and flagellar biosynthesis protein, flhF (dN score = 0.024, Figure 3-9). 

 

The 38th ortholog fliK has been studied for decades due to its important role in 

controlling the length of the bacterial flagellum as it is assembled, but it is not itself part 

of the flagellar structure (210). The flagellar hook is a short, extracellular piece of the 

flagellum between the motor and the propeller-like filament, and fliK’s role in hook 

length control was noticed in the 70s when it was found that fliK mutants produced 

‘superhook’ flagella with long chains of conjoined hook protein (211). fliK’s role in the 

process is bifunctional, acting as a molecular ruler to measure hook length and also 

controlling the length of the assembling flagellum hook by switching the substrate-

specificity of the type III secretion system (T3SS). When the hook length reaches 

approximately 55 nm, fliK causes the T3SS to stop secreting hook proteins and to instead 

secrete filament proteins (212). 

 

In addition to FliK, several other proteins are required for the T3SS substrate 

switching, one of which is the FlhA transmembrane protein (213). The cytoplasmic 

domain of FlhA also contains the binding site for several flagellar export chaperones, 

including the protein encoded by the 39th ortholog, fliT (214). FliT is the chaperone 

protein for the FliD flagellar filament cap, protecting it from being degraded in the 

cytoplasm before it reaches the growing flagellum (215). 
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Species of Bacillus and Priestia have peritrichous flagella (78,216), meaning they have 

many flagella around the cell rather than one or a few at the cell pole (217). The average 

B. subtilis cell forms 26 flagella which are positioned in a symmetrical pattern that is 

determined by the 81st ortholog, flhF (218). The role of flhF in flagellar assembly is 

currently less well understood (219) but it is known to be essential to the process, since 

the deletion of flhf produces cells with swimming defects due to absent or mislocalised 

flagella (220). This gene seems to determine the locations where flagella will be 

assembled by localising at the cell membrane and then recruiting early flagellar 

assembly proteins such as FliF (221). FlhF is also a DNA-binding protein that regulates 

the expression of several other flagellar genes (219). 

 

In addition to their roles in flagella formation, fliK and flhF have been shown to have 

functions related to pathogenicity in the species group Bacillus cereus sensu lato, which 

is closely related to the Priestia genus (222). In Bacillus cereus, FlhF is required for 

exporting toxins and thus also for pathogenicity (223), and FliK provides resistance to 

antimicrobial peptides in the insect pathogen Bacillus thuringiensis, independently of 

whether flagella were formed properly (224).  

 

Several Bacillaceae species that were previously considered to be non-pathogenic 

have been increasingly recognised as infrequent, opportunistic pathogens (225–228), 

including P. megaterium (229–233), and so the sequences changes in these 

multifunctional flagellar genes in P. aryabhattai could be related to either flagella 

formation or to pathogenicity. Future studies should examine the flagella of 

P. megaterium and P. aryabhattai strains for differences in location and shape, and also 

compare the pathogenic capabilities of the two. 



 
 

 89 
 

Implications for bacterial life cycle 

 

Clade-specific sequence changes in the orthologs discussed above may also have 

knock-on implications for biofilm formation. Biofilms are dense communities of bacteria 

surrounded by an extracellular matrix, in which cells show an increased rate of 

horizontal gene transfer (234) as well as greater resistance to environmental stresses, 

including antibiotics (235). Biofilm formation has been well studied in Bacillus subtilis 

(236) and Bacillus cereus (237) due to its importance in the colonisation of soil, food, 

plants (238), animal tissues (239). Because of the resilience of biofilms and spores to 

environmental stress and deliberate cleaning, these Bacilli (especially Bacillus cereus 

sensu lato) are notorious contaminants of food (240,241) and hospital surfaces (242), 

causing food poisoning and nosocomial infections. 

 

Flagellar motility is important for the transition from the planktonic to the biofilm 

lifestyle. A reduction in motility and in biofilm formation has been observed in cells with 

mutations in flagellar genes (243) and in cells whose flagella are damaged by turbulence 

(244). This is likely due to the need for motility in order to reach the site of biofilm 

formation; often a surface, including air-liquid interfaces (245). As the cell makes contact 

with such a surface, the physical interruption of flagellar rotation acts as a mechanical 

signal for the production of exopolysaccharides that adhere the cell to the surface (246). 

The flagellum is not absolutely necessary for biofilm formation, as cells with flagellar 

mutations may still form biofilm if they reach the air-liquid interface by Brownian 

movement (247). 
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Sporulation and biofilm formation may seem to be mutually exclusive pathways in 

the genetic sense, with a few key genes controlling the decision to enter into either 

pathway depending on environmental cues (248–250). But on the population level, 

these are complementary phenotypes. Biofilms, in addition to colonising an 

environment, also act as platforms for dispersal. Sporulation occurs from cells within the 

biofilm within 24 hours, and in the later stages of biofilm formation, up to 90% of the 

cells within the biofilm can be endospores (251). 

 

Bacteriophages may at first appear to be simple predators of bacteria, but lysogenic 

infection can have complex effects on bacterial ecology (252). Prophage encoded genes 

may have beneficial effects on host physiology (253), and can also affect the transitions 

between developmental stages in the life cycles of Bacillus species (237,254). In 

B. subtilis, prophages have been found to inhibit the processes of replication, 

sporulation, and biofilm formation by interacting with cell cycle regulators (255). The 

expression of the polysaccharide synthesis gene spsM, which makes the spore coat 

hydrophilic and thus facilitates dispersal in water, is controlled by the timed excision of a 

prophage sequence from spsM during sporulation (256). Prophage insertion may also 

have negative effects, such as reducing the fitness of the biofilm community by 

disrupting antibiotic resistance genes (257). In B. anthracis, prophages can inhibit or 

promote sporulation, or induce exopolysaccharide expression and biofilm formation, 

allowing the colonisation of new environments (258). In B. thuringiensis, phage lysogeny 

can inhibit sporulation and biofilm formation in favour of swarming motility, allowing 

the colony to spread into nutrient-rich environments (259). 
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P. aryabhattai as a plant growth promoting bacterium 

 

I also searched for genes that have diverged between the two species with functions 

related to plant growth promotion (PGP). The intense interest in P. aryabhattai as a 

plant growth promoting bacteria (99,260–263) seems to rely on the implicit assumption 

that it is better suited than other species for this task, however this does not seem to 

have been tested. 

 

A swathe of recent papers have each described a single isolate of P. aryabhattai or 

P. megaterium, its gene content, and its effect on the rate of plant growth versus a 

control without bacterial inoculation (e.g. 14,17,18,41,49). A few more studies have 

compared the effects of several strains within the same species – within P. aryabhattai 

(266), within P. megaterium (91), and within the closely related Bacillus cereus (267). 

However, the results of these studies cannot be compared because each used a different 

species of plant in different climates and conditions. 

 

Studies comparing the plant growth performance of multiple species are less 

common. Verma et al. (126) conducted the only study comparing P. megaterium with 

P. aryabhattai, as well as 53 other bacteria isolated from wheat rhizosphere, by testing 

for the chemical activity of 15 PGP-associated functions. Their results showed that, of 

the two species, only P. megaterium was able to solubilise potassium and zinc and 

showed siderophore activity, whereas P. aryabhattai was the only one to produce HCN 

and fix nitrogen. They also found differences in the geographic distribution of 

P. aryabhattai and P. megaterium: P. megaterium was present in roughly equal 

abundances in all six regions of India that were sampled, whereas P. aryabhattai was 
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present in only four regions. The two regions where P. aryabhattai was absent had the 

most extreme conditions of temperature and pH. Both species were widely distributed 

compared to the majority of other species which were only found in one or two regions. 

However, as discussed earlier, the study identified the species of each isolate using 16S 

rRNA sequences, which have now been shown to be inaccurate in distinguishing 

P. megaterium and P. aryabhattai (Figure 2-1). The potential misidentification of the 

Priestia isolates and the lack of genomic data provided make the results of the study 

difficult to interpret conclusively in terms of the difference between these two species. 

 

Several recent studies have compared the plant yield of maize and sweetcorn 

following inoculation with P. megaterium and other species, minus P. aryabhattai (268–

270). The results have been inconsistent, with P. megaterium performing equally (268) 

or better (269,270) than the related Bacillus species. However, these studies also used 

16S rRNA gene sequencing for species identification, which cannot distinguish 

P. megaterium and P. aryabhattai (Figure 2-1). 

 

The results of the ortholog clustering in this Chapter identified six genes involved in 

iron import, a function known to be important for plant growth promotion, that had a 

higher copy number in all P. aryabhattai genomes than in the P. megaterium genomes. 

This result was the only robust difference found between all genomes of both species in 

a plant growth promoting function. However, the method of in silico core genome 

comparative genomics does not show whether these additional orthologs are expressed, 

resulting in a higher rate of iron transport to the bacterial cell and higher iron availability 

to the plant, or if these genes have been silenced, or if the total expression of the 

orthologs with identical functions is maintained at a constant level by the cell (136). 
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Future studies need to compare the expression levels of these iron transport genes 

between the two species and study the effects of the expression levels on plant growth. 

Transcriptomics experiments of the two species growing in the rhizosphere may identify 

other orthologs with differences in expression level when the bacteria are in close 

association with a plant host. 

 

The bacterial species concept often relies on functional and behavioural differences 

between strains to decide where the boundary between species should be (271), and so 

I aimed to reveal the differences in gene content that have occurred during the 

evolutionary split between the two species P. megaterium and P. aryabhattai. I also 

used the species-specific orthologs to develop PCR primers that researchers may use to 

quickly identify whether their new isolates belong to P. megaterium or P. aryabhattai, 

without the need for whole genome sequencing. For all of the orthologs that were found 

to differ between the species, further work needs to be done to identify the domains 

and active sites of the orthologs’ proteins and whether the sequence substitutions 

shown have changed those domains. 

 

 

 

 

 

 

 

 

 



 
 

 94 
 

Chapter 4 — Metagenomics study of the global distributions of 
Priestia megaterium and Priestia aryabhattai 
 

Introduction 

 

Chapter 3 examined the whole-genome sequences of strains from the two species 

Priestia aryabhattai and Priestia megaterium, in order to identify differences in gene 

content between them. Chapter 4 now focuses on identifying differences in the 

abundance of each species in different habitats and environmental conditions. 

 

The hypothesis that P. aryabhattai has adapted to survival at high altitudes was first 

suggested by the authors who first named P. aryabhattai; after isolating it from the air 

at 41 km altitude, they also found that their strain was more resistant to UV radiation – a 

key trait for surviving for long periods while airborne – than its nearest phylogenetic 

neighbour, a P. megaterium strain (76). The authors suggested that the P. aryabhattai 

strain may have been lifted from the ground to the air by updrafts, acknowledging in 

effect that it presumably grows in habitats on the ground and disperses through the air. 

However, the hypothesis of adaption to the high-altitude air environment was backed 

up by their results that showed a difference in survival between the two species after 

exposure to UV radiation. The number of P. megaterium colony forming units dropped 

quickly at increasing levels of UV radiation, with none surviving at 0.3 J cm–2 or above, 

whereas P. aryabhattai continued to produce small numbers of colonies at 0.8 J cm–2. 

 

In Singapore, the strains cultured from air samples include twelve P. aryabhattai 

strains (Table 2-1) to one P. megaterium strain (83), a bias which may appear to be in 
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concordance with the idea that P. aryabhattai is better able to survive while airborne. 

However, rather than 41 km altitude, these samples were taken from 1.5 m above 

ground, where they would have been less exposed to UV radiation. In Chapter 3 it was 

found that P. aryabhattai genomes have diverged from P. megaterium in the sequences 

and copy numbers of several genes related to the sporulation process, which could be 

linked to adaptations for the formation of spores which are more resistant to the 

environmental stresses of airborne dispersal. Thus, the suggestion that P. aryabhattai is 

better adapted to high altitude air than P. megaterium remains plausible and requires 

testing. 

 

Another question is whether there is any difference of the two species in their ability 

to survive under different conditions. Although the first P. aryabhattai strain was 

isolated above India in 2005 (76), GenBank now contains genome sequences of both 

species from locations across the world, including Asia (accession, GCA_024434365), 

Africa (GCA_024581075), North America (GCA_019748975), South America 

(GCA_020251185), Oceania (GCA_020179075), and Europe (GCA_019193015). This 

shows that both species are globally dispersed. However, it is not known if there are any 

differences in their abundances or growth rates between different environments and 

climates. 

 

A series of recent papers have described the effects of the changing environment on 

the bacterial diversity of the air microbiome, highlighting in particular the importance of 

the air temperature on community dynamics. A diel cycle was found to occur near the 

ground, where bacteria increase in relative abundance in comparison to fungi during the 

daytime (156). In the same study, the species richness in Singapore air increased with 



 
 

 96 
 

temperature and decreased with atmospheric CO2 concentration, with some species 

abundances correlating strongly to changes in these environmental factors. For example, 

the phylum Bacillota, which includes the Priestia genus, changed in abundance in 

response to temperature, but its relative abundance changed less in response to the 

day/night cycle than other groups. Temperature, relative humidity, and CO2 

concentration all changed regularly with the time of day, but the concentrations of 

nitrogen oxides and sulphur oxides in the air did not, and so no response in the 

microbiome to these air pollutants could be observed. Rainfall events correlated with 

the relative abundances of fungi, proteobacteria and cyanobacteria, but the community 

composition did not respond to the changing Singapore monsoon seasons over the 13 

months of sampling (272). 

 

A subsequent study confirmed the presence of the diel cycle in a temperate climate, 

and further found that the diel effect diminished and disappeared when sampling was 

conducted at higher altitudes, where the temperatures at day and night converged and 

the community composition also changed (273). The changes in DNA yield and 

community composition at different heights were explained better by the air potential 

temperature rather than actual temperature. In one experiment in which sampling was 

performed onboard an aircraft, the potential temperature increased with altitude, 

leading to vertically stable air with little mixing between the near-ground air and the 

high-altitude air. The high-altitude air thus had lower DNA concentrations and a distinct 

microbial community composition which contained higher abundances of reads that 

mapped to radiation-tolerant bacteria and to the DNA repair genes uvrABC and phrB. 
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The same study contrasted the results from the aircraft sampling with the results of 

sampling atop a 200 m tower. In that experiment, the potential temperature decreased 

as the altitude increased, leading to upwards convection that mixed the ground-level 

and tower-level air. This led to the ground and tower-top having similar DNA 

concentrations and community compositions. 

 

The diel cycle was also observed year-round near the equator and also in Siberia in 

the summer, but not in the Siberian winter, although there was a similarly diverse (but 

taxonomically distinct) air microbiome present in the winter (274). The Bacillota showed 

an especially large response to the seasons, with higher relative abundance in the 

winter. Given these results, we can expect the relative abundances of both Priestia 

species to change across different altitudes and across the day/night cycle. However, 

these studies took a big-picture approach and compared abundances at the phylum 

level; a species-level analysis in search of differing responses of P. megaterium and 

P. aryabhattai to the environment has not been done.  

 

 In order to investigate the potential ecological differences between P. megaterium 

and P. aryabhattai, this Chapter compares the spatial distribution of the two species 

across the world. This was done using a metagenomic approach, in which DNA was 

sequenced from the various organisms that are present in an environmental sample, to 

calculate the relative abundances of the two species in each location. Any differences or 

patterns found in the geographic distributions of the two species may help to infer the 

different environmental conditions or ecological niches that favour one group over the 

other, and further, the cause of the speciation between them. 
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I investigated two specific questions using metagenomics data from air samples. The 

first was to test the hypothesis that P. aryabhattai is a species that has adapted for 

surviving at high altitudes better than P. megaterium. The second was to analyse the 

global distributions of the two bacteria and identify any environmental conditions or 

locations that favour one over the other. Using data from air samples is obviously 

required to answer the first question but is also advantageous for the second question. 

P. megaterium and P. aryabhattai are generalist bacteria that can grow in a variety of 

environments such as soil and water. Sampling from a single environment such as soil 

would give an incomplete picture of the diversity of a region, whereas air samples can 

capture spores that have dispersed from multiple environments, providing a snapshot of 

the overall diversity of each species is growing in a local environment. 

 

In addition to the local environmental measurements that were taken during 

sampling such as temperature and humidity, other publicly available data may be useful 

in finding environmental conditions that correlate with the relative abundances of 

P. megaterium and P. aryabhattai. If there is an unknown environmental condition that 

explains the changing ratio of the two species between samples, it should be something 

that changes over time and may plausibly affect the abundances of bacteria in the air. 

For the analysis of samples taken in Singapore, I checked for effects of the monsoon 

seasons, and of air quality. 

 

Singapore experiences the Northeast monsoon season in December to early March, 

and the Southwest monsoon season in June to September. Between these monsoon 

seasons are two inter-monsoon periods. The study discussed previously found no 
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significant changes in phylum-level community composition across monsoon seasons 

(272) but the effects on individual species are unknown. 

 

The effect of air pollution on the air microbiome community composition have 

received more attention recently, with several studies showing changes in the relative 

abundances of different taxa during changes in pollution levels having been published: 

Cao et al. (275) observed changes in the relative abundances of bacteria associated with 

terrestrial, marine, freshwater, and faecal habitats over the course of a smog event as 

the PM2.5 and PM10 levels changed. A later study compared the community 

composition between levels of pollution and showed that the air microbiome species 

diversity was correlated with levels of PM, NO2, and CO, with the phylum Bacillota 

(which contains the genus Priestia) becoming more abundant at medium levels of 

pollution (276). Finally, an air pollution study in Beijing found that air samples with 

higher levels of PM2.5 and PM10 pollution had higher species diversity, with a peak in 

abundance of Bacillota during major smog events (277). These studies demonstrate that 

the abundance of Bacillota responds to air pollution, but it is unknown whether 

individual species within the phylum are affected equally. 

 

Methods 

 

Sample collection, metagenomic data generation, and Kaiju species identification 

were performed through a collaboration with the research team from SCELSE NTU. The 

details are described in previous publications (156,273). 
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Metagenomics sampling and sequencing 

 

To investigate any differences in distribution between P. megaterium and 

P. aryabhattai, I used three metagenomics datasets that were sequenced from outdoor 

air samples. The samples were collected across the world between 19th Feb 2017 and 

27th Feb 2020, as part of two vertically stratified experiments (273) and one global 

ground level sampling project. 

 

The first two datasets (‘tower’ and ‘aircraft’) are those that were used in the 

published studies on vertical sampling that were described above (see Introduction). 

They were collected during experiments in Germany in 2018, and both aimed to 

compare the abundances of microorganisms at different heights. In the first experiment, 

120 samples were taken at the top and bottom of a 200 m high meteorological tower at 

the Karlsruhe Institute for Technology (49° 5' 33'' N, 8° 25' 33'' E) between 8th and 13th 

Oct 2018. In the second, 114 samples were taken from an aircraft as it flew at different 

heights between 0 m and 3,500 m above Brunswick, onboard a research aircraft 

operated by Technische Universität Braunschweig, between 9th Oct and 12th Oct 2018. 

The data from these experiments allowed us to compare the distributions of P. 

megaterium and P. aryabhattai in the air at different altitudes above the same two 

locations. 

 

The third dataset (‘global’) contains 1,180 air samples taken from 1 m above the 

ground in locations across the world between 2017 and 2019. This global dataset allows 

for comparisons of the two groups between different locations and climates using 
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metadata on temperature, humidity, location, time of year, and air quality where 

available. 

 

The collection and processing of the air samples have been described in Gusareva et 

al. (156). Briefly, airborne biomass was collected onto filters using SASS3100 air 

samplers with an airflow of 300 L/m for 2 hours, 1.5 m above the floor, placed in 

outdoor air adjacent to residential or university buildings; for example on balconies. 

During the aircraft experiment, the outside air was instead piped into a chamber 

containing the air samplers. 

 

After sample collection, the filters were washed in PBS/Triton X-100 and DNA was 

extracted with the DNeasy PowerWater Kit (Qiagen). DNA sequencing was performed 

using the Illumina HiSeq 2500 to generate 251 bp paired end reads. The reads were 

aligned to the NCBI nonredundant protein database using Kaiju v1.7.2 (278). The sample 

collection, metagenomics sequencing, and first-pass species identification for each 

dataset were performed by the authors of those studies. 

 

Environmental data access 

 

Measurements of latitude, longitude, temperature, humidity, time, and altitude were 

taken at the time of sampling. Sample locations were classified into six biogeographic 

realms – Afrotropical, Australasian, Indomalayan, Nearctic, Neotropical, and Palearctic 

(279). For Singapore samples, historical AQI data taken by the five domestic recording 

stations were downloaded from aqicn.org and matched to the metagenomics samples 
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by closest geographic distance. Singapore air samples were classified as being taken 

during or between the monsoon seasons according to the dates in Table 4-1. 

 

Table 4-1: Typical dates of the monsoon seasons of Singapore.  

Dates Monsoon season 

1st Dec – 15th Jan Early Northeast monsoon 

16th Jan – 15th Mar Late Northeast monsoon 

16th Mar – 31st May First inter-monsoon period 

1st Jun – 30th Sep Southwest monsoon 

1st Oct – 30th Nov Second inter-monsoon period 

 

 

Air quality in Singapore is recorded by the National Environment Agency using five 

monitoring stations in the North, East, South, West, and Central regions of the island. 

Individual readings of PM2.5, PM10, O3, NO2, SO2, and CO are each converted to AQI 

values that approximate their public health risk, with the overall reported AQI value 

being the highest of the six component AQI values (280). 

 

As a small island country with frequent and publicly available AQI data from across 

the island, Singapore would be an ideal place to study the effect of air pollution on the 

relative abundances of the Priestia groups. However, the air quality in Singapore during 

the air sampling for this dataset remained mostly within the ‘Good’ category, with a 

maximum recorded value of 60 in the low end of ‘Moderate’. For reference, AQI is in the 

‘good’ range when it is under 50, with 60 being in the low end of ‘moderate’ (Table 4-2). 

This means that the global dataset is missing the more extreme AQI values that might 
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have more of an influence on the air microbiome, and the effects of AQI changes within 

the 0–60 range could be minor. 

 

 

Table 4-2: Scale of air quality index values and their health implications, defined by the US EPA, from 
aqicn.org. The air quality at the time of sampling for the global metagenomics dataset was usually ‘Good’ 
and occasionally ‘Moderate’, up to an AQI value of 60.  

AQI 

 

Air Pollution Level Health Implications Cautionary Statement (for PM2.5) 

0–50 Good 
Air quality is considered satisfactory, and 

air pollution poses little or no risk 
None 

51–100 Moderate 

Air quality is acceptable; however, for 

some pollutants there may be a moderate 

health concern for a very small number of 

people who are unusually sensitive to air 

pollution. 

Active children and adults, and people with 

respiratory disease, such as asthma, should 

limit prolonged outdoor exertion. 

101–150 Unhealthy for Sensitive Groups 

Members of sensitive groups may 

experience health effects. The general 

public is not likely to be affected. 

Active children and adults, and people with 

respiratory disease, such as asthma, should 

limit prolonged outdoor exertion. 

151–200 Unhealthy 

Everyone may begin to experience health 

effects; members of sensitive groups may 

experience more serious health effects 

Active children and adults, and people with 

respiratory disease, such as asthma, should 

avoid prolonged outdoor exertion; everyone 

else, especially children, should limit 

prolonged outdoor exertion 

201–300 Very Unhealthy 

Health warnings of emergency conditions. 

The entire population is more likely to be 

affected. 

Active children and adults, and people with 

respiratory disease, such as asthma, should 

avoid all outdoor exertion; everyone else, 

especially children, should limit outdoor 

exertion. 

300+ Hazardous 
Health alert: everyone may experience 

more serious health effects 
Everyone should avoid all outdoor exertion 
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Species reclassification of reads 

 

The species identification issue between P. megaterium and P. aryabhattai, and the 

presence of genomes of these species with misassigned names in databases, meant that 

the species identifications made by Kaiju using the protein database could be more 

accurate if confirmed by DNA alignment to properly identified reference genomes. In 

order to improve the accuracy of the assignment of reads to species, and to increase the 

number of Priestia reads available for analysis, I analysed every read that Kaiju had 

identified as Priestia or Bacillus (prior to the renaming of the Priestia genus (99)) in the 

three metagenomics datasets. Each read was aligned against the DNA sequences of the 

GenBank representative genome assemblies of the two species (Priestia megaterium 22-

2 and Priestia aryabhattai K13) using BWA (281) and samtools (282). 

 

Reads were only considered for reassignment if they had at least 95% identity 

(identical DNA bases) and 80% alignment coverage (aligned bases) to at least one of the 

representative genomes. The two alignments to the reference genomes were then 

compared by their sequence identity and alignment coverage. If one alignment was 

better by both metrics, or better by one metric with the other being equal, then the 

read was (re)assigned to the species with the better alignment. If one alignment had 

higher identity but the other alignment had higher coverage, the read was not 

reassigned, and the species name given by the Kaiju amino acid alignment was used. In 

other words, reads were only reassigned when it was clear that they aligned better to 

the other species. 
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Calculation of species’ relative abundance 

 

To be able to compare the numbers of reads of each species between samples, the 

numbers of reads of each group in each sample were normalised using the formula: 

𝑁 = 𝐶 × 𝑆 ×𝑚 

Where N is the relative abundance of a species, C is the number of reads of the 

species in the sample, S is the total number of reads in the sample, and m is the total 

number of reads in the sample with the fewest reads. 

 

For the Germany tower and aircraft datasets, the number of reassigned, normalised 

reads at each height were then compared. For the global dataset, an FAMD (Factor 

Analysis of Mixed Data) ordination was performed on the environmental metadata using 

the R package FactoMineR v2.4 (283), in order to search for patterns of abundance of 

the two species using multiple categories of metadata at once. 

 

Modelling of species majorities 

 

Random forest and support vector machine (SVM) classifiers were used to model the 

samples plotted on the FAMD ordination and predict which species had the higher 

relative abundance in each sample, in order to test whether any clusters shown could be 

reliably predicted from the same metadata used for the ordination. These were done 

using the R packages randomForest v4.7.1.1 (284) and e1071 v1.7.11 (285) respectively. 

Since the number of megaterium-majority samples was considerably greater than the 

number of aryabhattai-majority samples, the former were randomly sampled to be 
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equal in number to the latter. The samples were then split 80:20 into train and test data 

for the random forest and SVM classifiers. 

 

Results 

 

Changes in relative abundances after reclassification of reads 

 

I developed a pipeline to correct the species identification of metagenome 

sequencing data using DNA-DNA alignments. This pipeline can be applied to any species; 

here I describe the reclassification of the two closely related species P. megaterium and 

P. aryabhattai. The reclassification method, of identifying reads using Kaiju and then 

reclassifying the Priestia reads using nucleotide alignments, greatly increased the 

number of reads that were identified as P. megaterium and P. aryabhattai. The mean 

abundance of P. megaterium increased by 2.4x and 2.9x in the tower and aircraft 

experiments respectively, whereas the P. aryabhattai abundance increased by 10x and 

10.9x (Figure 4-1). 

 

Most of the newly identified P. megaterium/aryabhattai reads were those that Kaiju 

had identified as unknown species of the genus Bacillus/Priestia. Additionally, reads 

were reassigned from P. megaterium to P. aryabhattai much more frequently than the 

reverse, which may be due to a lack of aryabhattai-specific protein sequences in the 

database used by Kaiju and the existence of genes with similar amino acid sequences but 

differing nucleotide sequences between the two species. 
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The global dataset showed a smaller increase in the number of P. aryabhattai reads 

from reclassification than the two vertical datasets. This is likely due to the difference in 

databases used by Kaiju to identify reads: the reads in the tower and aircraft data were 

identified by Kaiju using the NCBI non-redundant protein database downloaded 22 Nov 

2019, whereas the global analysis used the database from 30th Mar 2021. There may be 

a better representation of P. megaterium and P. aryabhattai in the updated database 

which allowed more of the reads of the two species to be identified on the first pass by 

Kaiju, with less need for the second pass of identification by DNA sequences. 

 

 

Figure 4-1: Changes in relative abundance of P. megaterium and P. aryabhattai after reclassifying 
reads by aligning them to reference genomes (see Methods). For both vertical experiments (top), the 
relative abundance of the two species increased after reclassifying reads. For the global ground-level 
air sampling (bottom), reclassification increased the average relative abundance of P. aryabhattai but 
decreased that of P. megaterium. The before and after abundances for both species in all three 
experiments were significantly different (p < 0.05, paired Wilcoxon test). 

1013

1014

1015

1016

Before
reclassification

After
reclassification

R
el
at
ive

ab
un

da
nc
e

Tower sampling experiment

1013

1014

1015

Before
reclassification

After
reclassification

R
el
at
ive

ab
un

da
nc
e

Airplane sampling experiment

1012
1013
1014
1015

Before
reclassification

After
reclassification

R
el
at
ive

ab
un

da
nc
e

Global ground−level experiment

Taxon
P. aryabhattai
P. megaterium



 
 

 108 
 

Vertical distribution of P. megaterium and P. aryabhattai 

 

In order to investigate the hypothesis that P. aryabhattai is better at surviving than 

P. megaterium while airborne at higher altitudes, I analysed the distribution of the two 

species in the metagenome sequencing data from air samples collected at different 

heights – ground level (0m), on a meteorological tower (200m), and onboard an aircraft 

(300–3500 m).  

 

At all heights for both the tower and aircraft experiments, the relative abundance of 

megaterium was significantly greater than that of aryabhattai at the p < 0.01 level using 

the Mann-Whitney U test (Figure 4-2). This result is evidence against the hypothesis 

P. aryabhattai is adapted to survive for longer than P. megaterium in high-altitude air. 

 

The two vertical datasets did differ in the trend of the overall abundance vs altitude; 

the tower data had higher abundances of both species at 200 m than at 0 m (p < 1x10–6, 

Mann-Whitney U test), whereas the aircraft data showed lower abundances of both 

species at increasing altitudes (p < 3x10–15, Mann-Whitney U test) — note however that 

the tower’s height was smaller than the lowest airborne aircraft sample (300 m). 

 

Figure 4-3 shows the ratio of P. aryabhattai to P. megaterium abundances in each 

sample of the two vertical experiments. In the two experiments, the ratio of the two 

species did not change significantly at different heights (p > 0.01, Mann-Whitney U test). 

The aircraft experiment did show a small drop in the ratio of P. aryabhattai to 

P. megaterium at the highest level of 3500 m. 
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Figure 4-2: Relative abundances of P. megaterium and P. aryabhattai in two vertically stratified metagenomics experiments. The read counts of the two experiments were 
normalised separately and the abundances cannot be directly compared between experiments. Each sample taken has one blue point and one orange point, showing the 
abundance of each species in that sample. The boxplots show the summary statistics for all abundances of each species at a height stratum. 

a: Species abundances in outdoor air samples taken at the top and bottom of a 200 m tower. Both species increased in relative abundance at the top, with P. megaterium being 
the more abundant on average. 

b: Species abundances in outdoor air samples taken from an aircraft at heights up to 3500 m. Both species fall in relative abundance as height increases, with P. megaterium 
consistently more abundant than P. aryabhattai.  
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Figure 4-3: Ratios of the relative abundance of P. aryabhattai to the relative abundance of P. megaterium in each sample, for the same experiments as Figure 4-2 above. Each 
sample has one point representing the species ratio for that sample. a: The ratio between the two species did not significantly change between the tower and ground (p > 0.05, 
Kruskal-Wallis test) because both species followed the same trend of increasing abundance with height. b: The ratio between the two species changed between altitudes 
(p < 0.05, Kruskal-Wallis test), with the proportion of aryabhattai decreasing slightly but inconsistently.  
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Global distribution of P. megaterium and P. aryabhattai 

 

The analysis of the vertically stratified datasets showed that P. megaterium had 

generally higher relative abundance than P. aryabhattai, with both species showing 

decreased relative abundance with increasing altitude above 300 m. The global dataset 

showed the same general prevalence of P. megaterium over P. aryabhattai, but with a 

cluster of samples in Southeast Asia that had higher than normal ratios of P. aryabhattai 

to P. megaterium. 

 

Onsite vs weather station metadata 

 

For the global dataset, the temperature and humidity were recorded using both on-

site HOBO sensors and using public data from nearby weather stations. The HOBO 

sensors gave data at the exact time and location that the air samples were taken, 

whereas the weather stations were not always nearby the sample site. Samples taken in 

rural areas were especially less likely to have a weather station in the immediate area, 

and the available data from different countries is often available only for timepoints 

every few hours apart, or as a daily average. 

 

However, several issues with the HOBO sensors make their readings unreliable, with 

generally poor agreement between the HOBO measurements and the weather station 

data (Figure 4-4). The humidity measurements were sometimes extremely high or low, 

for example reading at 1% while the closest weather station recorded 96%. The linear 

model of the weather station data from the HOBO data diverged significantly from the 
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y=x identity line. The two data sources were correlated much better on the temperature 

data, but the relationship between HOBO temperature and weather station 

temperature became non-linear at higher temperatures where the HOBO sensors gave 

values much higher than the weather station values. For example, weather station 

recordings of 20–30 °C often had corresponding HOBO readings of 50–56 °C. 

Anecdotally, team members who were involved in the sample collection have 

commented that this can happen when the HOBO sensor is placed in direct sunlight. For 

these reasons, the weather station data can be considered to be more reliable, and was 

used instead of the HOBO data during the global metagenomics analysis. 

 

Distributions and correlations of environmental variables 

 

The geographic locations of the samples were well distributed over the northern 

hemisphere as well as South, Southeast and East Asia, with a lack of samples from South 

America (Brazil and Ecuador), Africa (only São Tomé), and Oceania (only New Zealand). 

Because of this, the environmental data had a large range of temperature and humidity 

but were skewed toward the high temperatures which were represented mainly by 

Southeast Asia. Out of 1,180 samples, 173 were collected in Germany and 274 were 

collected in Southeast Asia, which is the reason for the bimodal distributions of latitude, 

longitude and biogeographic realms (Figure 4-5). The different biogeographic realms and 

seasons were naturally associated with certain locations and temperature and humidity 

ranges (Figure 4-6). The Singapore samples captured a range of air quality values up to 

60, and from each monsoon season, but without samples taken between the monsoon 

seasons (Figure 4-8).
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Figure 4-4: Temperature and humidity readings taken during global air sampling, as measured by HOBO sensors and by the nearest weather stations. The solid lines are linear 
models between HOBO sensor and weather station data (the linear model on the humidity plot excludes the outliers where HOBO humidity = 1). The dashed lines are 1:1, where 
the two data sources would be in agreement.  
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Figure 4-5: Distributions of environmental metadata for 1,180 metagenomics air samples. A large portion of samples were taken in Southeast Asia (Indomalayan realm, ~5° 
latitude, ~100° longitude, tropical season, high temperature and humidity) and in the summer in Germany (Palearctic realm, ~50° latitude, ~10° longitude).  
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Figure 4-6: Distributions of the four continuous variables above across different levels of the two categorical variables above (biogeographic realm and season). High 
temperature samples in this dataset were associated with tropical climates but humidity was not clearly associated with any season or realm.  
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Figure 4-7: Pearson correlation coefficients between the four 
continuous variables in the global metagenomics dataset. Values are 
shown for correlations that were significant at the p = 0.05 level. 
Absolute latitude had no significant correlation with humidity.  

Figure 4-8: Distributions of air quality index and monsoon season for 106 air samples taken in Singapore.  
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Ordination of global metadata and the global distribution of Priestia species 

 

To examine the geographical distribution of the two Priestia species, I calculated the 

ratio between the two species rather than the individual species abundances, because 

the abundances obtained from metagenome data are always relative abundances that 

are dependent on the other species in the sample. Any increase in the individual relative 

abundance of each species could be either due to the species being more numerous or 

some of the many other species in the sample being more numerous. Instead, a change 

in the ratio of P. aryabhattai and P. megaterium is evidence of an environment that 

benefits one over the other, which is the motivation behind this study. 

 

The geographic map of the global dataset (Figure 4-9) shows the sums of the 

P. aryabhattai and P. megaterium relative abundances in each location. This projection 

based only on latitude and longitude shows a trend toward lower 

aryabhattai/megaterium ratios in Europe and higher ratios (but still less than 50%) in 

tropical regions, especially Southeast Asia. The smaller number of samples from other 

tropical regions makes it difficult to discern how robust this relationship is for Africa and 

South America. Since the geographic map includes only latitude and longitude 

information, I created an ordination using the other environmental data to show the 

ratio of the two species (Figure 4-10). The ordination can be understood in basic terms 

as an extension of the map, but using the temperature, humidity, biogeographic realm, 

and season data rather than only latitude and longitude.  

 

The ordination on the environmental data of the global dataset showed that most 

(960 out of 1,180) of the samples had higher abundances of P. megaterium than of 
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P. aryabhattai (Figure 4-10). However, the samples which had more P. aryabhattai than 

P. megaterium were mostly in tropical areas (68 out of 80), especially in Singapore, 

Malaysia, and Indonesia. Among other tropical regions, São Tomé (eight samples) had a 

high aryabhattai/megaterium ratio, as did Brazil (50 samples), but Ecuador (eight 

samples) and the Maldives (eight samples) did not follow this pattern. The inconsistency 

in the high aryabhattai/megaterium ratio among the South American regions that were 

sampled, and the low sample count in São Tomé, make it unclear whether P. aryabhattai 

is more abundant in all tropical regions or only in Southeast Asia. 

 

 This result suggests that the two species may have different selection constraints to 

environmental condition(s) which are more common in the tropical areas, especially in 

Southeast Asia. However, the trend of higher P. aryabhattai abundances in tropical 

areas was not robust. There were still many individual Southeast Asia samples that had 

more P. megaterium than P. aryabhattai (Figure 4-12). These results indicate that the 

environmental condition which determines P. aryabhattai’s preference to tropical areas 

is not clear and needs to be investigated by a different approach.
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Figure 4-9: Proportions of relative abundance of P. megaterium 
(blue) vs P. aryabhattai (orange) in each country of a global air 
sampling dataset, with zoomed panels showing the frequently 
sampled regions of Europe and Southeast Asia. One pie chart is 
shown for each country, with the pie segments being the sum of 
each sample’s P. megaterium relative abundance and the sum of 
each sample’s P. aryabhattai abundance. P. megaterium was 
generally the more abundant species, but the average 
proportion of P. aryabhattai was higher in Southeast Asia than 
in other regions.  
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Figure 4-10: Ordination of environmental metadata of 1,180 air 
samples from around the world. Samples are coloured blue if the 
relative abundance of P. megaterium was higher than that of 
P. aryabhattai; orange points had more P. aryabhattai than 
P. megaterium. The ordination uses absolute latitude, longitude, 
temperature, humidity, season, and biogeographic realms. The 
samples where the abundance of P. aryabhattai was higher than 
P. megaterium were almost all found in Southeast Asia. Points are 
randomly jittered by up to 0.1 on both axes in order to show 
overlapping points.  
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Figure 4-11: Effects of individual quantitative (left) and qualitative (right) variables in the ordination of environmental metadata of 1,180 air samples from around the world 
(Figure 4-10). The Southeast Asia cluster in the ordination is associated with higher temperatures. Temperate seasons (spring, summer, autumn, winter) had similar 
frequencies of high-aryabhattai samples. Humidity had little effect on the ordination.  
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For the global dataset, the random forest (RF) and SVM classifiers attempted to 

predict which of the two species had the highest relative abundance, based on the 

environmental data, using 80% training data and 20% testing data. The random forest 

classifier was run with data on latitude, longitude, temperature, humidity, and season. 

Season was removed for the SVM classifier because SVM is designed for numerical data 

only. The RF and SVM predictions had 83% and 73% accuracy respectively (Table 4-3). 

 

Table 4-3: Confusion matrices of Random Forest and Support Vector Machine classifiers that aimed to 
predict whether P. megaterium or P. aryabhattai had the higher relative abundance in global 
metagenomic samples, based on local environmental data.  

 

RF Prediction 

P. megaterium P. aryabhattai 

Observation P. megaterium 29 3 

P. aryabhattai 5 11 

 

SVM 

 

Prediction 

P. megaterium P. aryabhattai 

Observation P. megaterium 24 8 

P. aryabhattai 5 12 
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Figure 4-12: Ordination of environmental metadata of 274 air 
samples from Southeast Asia (a subset of the global samples 
shown in Figure 4-10. Samples are coloured blue if the relative 
abundance of P. megaterium was higher than that of 
P. aryabhattai; orange points had more P. aryabhattai than 
P. megaterium. The ordination uses absolute latitude, 
longitude, temperature, and humidity. Compared to the rest of 
the world, Southeast Asia has a much larger number of samples 
in which  P. aryabhattai was more abundant than 
P. megaterium, but the environmental conditions that cause 
this difference are unknown, as shown by the aryabhattai–
majority samples being mixed among the megaterium-majority 
samples, rather than separated from them.  
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The ordination using only samples from Southeast Asia showed no obvious tendency 

on the ratio of the two species (Figure 4-12). This result suggests that the environmental 

condition which is preferred by P. aryabhattai is common across the Southeast Asian 

area included in this study, but that it may be inconsistent between locations or over 

time. 

 

The RF and SVM classifiers gave 69% and 62% accuracy on the Southeast Asia samples 

(Table 4-4). The falling performance of the models compared to the global samples 

reflects their reliance on the dichotomy between Southeast Asian samples with higher 

probability of P. aryabhattai excess and samples outside Southeast Asia with a lower 

probability. 

 

Table 4-4: Confusion matrices of Random Forest and Support Vector Machine classifiers that aimed to 
predict whether P. megaterium or P. aryabhattai had the higher relative abundance in Southeast Asia 
metagenomic samples, based on local environmental data.  

RF Prediction 

P. megaterium P. aryabhattai 

Observation P. megaterium 17 6 

P. aryabhattai 3 3 

 

SVM Prediction 

P. megaterium P. aryabhattai 

Observation P. megaterium 18 2 

P. aryabhattai 9 0 
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Figure 4-13: Ordination of environmental metadata of 106 air 
samples from Singapore (a subset of the global samples shown in 
Figure 4-10. Samples are coloured blue if the relative abundance of 
P. megaterium was higher than that of P. aryabhattai; orange 
points had more P. aryabhattai than P. megaterium. The 
ordination uses, temperature, humidity, monsoon season, and five 
measures of air quality: PM2.5, PM10, O3, SO2, and CO. The 
addition of monsoon and air quality data to the ordination did not 
separate the majority-aryabhattai samples from the majority-
megaterium samples.  
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For the Singapore samples it was possible to add in more environmental data 

pertaining to air quality (PM2.5, PM10, O3, SO2, CO) and monsoon season. However, the 

ordination showed no pattern of species ratios (Figure 4-13) and the machine learning 

classifiers were still unable to show or predict the prevalent species between 

P. aryabhattai and P. megaterium. The RF and SVM classifiers gave 64% and 64% 

accuracy (Table 4-5). The categorical variable of monsoon season was removed for SVM. 

 

To investigate how the species abundances and ratios differed with individual 

environmental variables, I plotted the relative abundances of megaterium and 

aryabhattai in each sample of the global dataset, broken down by the geographic region, 

season, temperature, and humidity (Figure 4-15). Within each plot, the levels of the 

variable on the y axis are sorted in descending order by the average ratio of 
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Figure 4-14: Effects of individual variables in the ordination of environmental metadata of 106 air 
samples from Singapore (Figure 4-13). The only categorical variable, monsoon season, is shown in 
Figure 4-8. The large range of temperature, humidity, and air pollution readings did not affect the 
prominent species in each sample.  
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P. aryabhattai to P. megaterium in each sample. The geographic region and season plots 

(A and B) clearly show the bias toward Southeast Asia and the other tropical areas in the 

high-aryabhattai samples. The temperature plot (C) shows a trend of higher temperature 

samples having higher average proportions of P. aryabhattai, with an exception at –20 

to –10 °C where the small number of samples at this temperature range had a higher 

average aryabhattai/megaterium ratio than –0 to 10 °C and –10 to 0 °C. The plot of 

humidity ranges (D) illustrates the lack of relationship in the global dataset between 

humidity and species ratio. 

 

Table 4-5: Confusion matrices of Random Forest and Support Vector Machine classifiers that aimed to 
predict whether P. megaterium or P. aryabhattai had the higher relative abundance in Singapore 
metagenomic samples, based on local environmental data.  

RF Prediction 

P. megaterium P. aryabhattai 

Observation P. megaterium 8 3 

P. aryabhattai 2 1 

 

SVM Prediction 

P. megaterium P. aryabhattai 

Observation P. megaterium 8 0 

P. aryabhattai 5 1 
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Figure 4-15 (continued next page): Boxplots of P. aryabhattai and P. megaterium relative abundances in samples from different geographical regions (A), seasons (B), 
temperature ranges (C), and humidity ranges (D) in a global metagenomics sampling project. Each sample is represented by one orange and one blue point giving the 
abundances of the two species for that sample. The variable levels on the y-axes are ranked by the average ratio of P. aryabhattai to P. megaterium in each sample, with the 
categories that had the highest ratios at the top of the plot. 

a: The average ratio of P. aryabhattai to P. megaterium in air samples was highest in Southeast Asia, followed by nearby regions and other areas at low latitude. 

b: Samples taken in tropical climates had higher average P. aryabhattai to P. megaterium ratios. 
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Figure 4-15 continued: 

c: The average P. aryabhattai to P. megaterium ratio increased with higher temperature ranges for temperatures above 10 °C. 

The abundance of both species, as well as the ratio between them, were significantly different across geographic regions, seasons, and temperature ranges (p < 0.01, 
Kruskal-Wallis test). 

d: Relative humidity correlated poorly with the species ratio. 

Taxon
P. aryabhattai
P. megaterium

Av
er
ag
e
ar
ya
bh
at
ta
i/m

eg
at
er
iu
m
ra
tio

(-10, 0]

(0, 10]

(-20, -10]

(10, 20]

(20, 30]

(30, 40]

0.190

0.220

0.303

0.346

0.597

0.661

1012 1013 1014 1015
Relative abundance

Te
m
pe
ra
tu
re
ra
ng
e
(°C
)

c

(10, 20]

(20, 30]

(30, 40]

(40, 50]

(0, 10]

(90, 100]

(70, 80]

(50, 60]

(60, 70]

(80, 90]

0.234

0.256

0.303

0.324

0.352

0.371

0.456

0.464

0.560

0.568

1012 1013 1014 1015
Relative abundance

R
el
at
ive
hu
m
id
ity
ra
ng
e
(%
)

Av
er
ag
e
ar
ya
bh
at
ta
i/m

eg
at
er
iu
m
ra
tio

d



 
 

 130 
 

Discussion 

 

The results of the metagenomics analysis did not identify a clear niche in which 

P. aryabhattai was more abundant than P. megaterium, since all three experiments 

showed that P. megaterium was almost always the more abundant species. I made DNA 

alignments of all Priestia reads to the reference genomes of both species, which 

increased the number of P. aryabhattai reads in the sample, in order to account for the 

possibility that P. aryabhattai, as a more recently discovered species that was not 

previously accepted as being distinct from P. megaterium, had less representation in the 

databases used for species identification, which could lead to a P. megaterium bias in 

the species identification of the reads. It seems that the bias shown in most samples 

toward P. megaterium was due to a real bias in the number of cells present in the 

environment rather than a systematic error in the identification of reads. These results 

suggest that P. megaterium may have a higher rate of growth, spore dispersal, or 

survival in the environments that were sampled, except in certain unknown conditions in 

Southeast Asia. 

 

Upon its discovery in an air sample from 41 km altitude, P. aryabhattai was suggested 

to be uniquely adapted to survival at high altitudes due to its superior UV resistance 

over its nearest phylogenetic neighbour, P. megaterium (76). The results of that study 

are not directly contradicted by those described in the present study because we did not 

sample up to 41 km, where the UV radiation experienced by the bacteria would be much 

higher (286), and the colony forming ability of the P. aryabhattai and P. megaterium in 

the samples could not be tested. However, our results showed that P. aryabhattai was 
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significantly less abundant than megaterium at heights of up to 3500m, and that both 

species decreased in relative abundance at similar rates as altitude increased, leading to 

similar species ratios across altitude levels. In the absence of evidence to suggest that 

this trend would reverse at higher altitudes, the findings of this study suggest that P. 

aryabhattai is not more tolerant to high-altitude life than megaterium. However, there 

may also be variation of UV resistance within P. aryabhattai, and future studies can 

check for vertical stratification of UV resistance gene variants. 

 

In the tower experiment (Figure 4-2), the relative abundance of both species actually 

increased at 200 m compared to ground level. The previously published study on this 

dataset noted that a change in the potential temperature gradient between 0m and 

200 m caused air convection and vertical mixing of the airborne microbial community 

(273). If this effect is responsible for the increased abundances of the two Priestia 

species at 200 m, then these species must be benefitting from the convection more than 

the other species present in order for their relative abundances to increase, possibly 

because they can produce spores that are smaller and lighter than the cells of other 

species. As a follow-up study, it would be interesting to compare the changes in relative 

abundances of spore-forming species in general versus other species as height increases. 

 

I used an additional metagenomics dataset, consisting of air samples taken at 1.5 m 

above the ground at locations around the world, to search for differences in the global 

distribution of the two species. Most samples had a higher abundance of P. megaterium 

than of P. aryabhattai, with samples taken at higher temperatures tending to have 

increased ratios of P. aryabhattai to P. megaterium. The results showed that 

P. aryabhattai was more likely to exceed P. megaterium in relative abundance in 
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samples from Southeast Asia than in any other region, although P. megaterium was still 

more abundant in most samples. This effect could not be linked to changes in 

temperature, humidity, location, air quality, or monsoon season, and so it is unknown 

whether the large fluctuations in the ratio of airborne P. aryabhattai and P. megaterium 

between samples are correlated to an unexamined factor or whether they are simply 

unrelated to the local environmental conditions. Given that the two species are very 

closely related, with a maximum whole-genome distance of just over 6% ANI, it is 

possible that they simply do not differ in this regard. The addition of more samples from 

other tropical regions, such as South America and Africa, would show if the occurrence 

of higher P. aryabhattai to P. megaterium ratios is a Southeast Asian phenomenon or a 

general effect of tropical climates. 

 

Another limitation of this study was the exclusive use of air sample metagenomics, 

rather than samples from other environments in which Priestia are known to grow, such 

as the rhizosphere. Given the finding of plant-growth-promotion associated genes with 

divergent sequences between the two species (Chapter 3), an interesting avenue of 

research would be to compare the two species’ abundances in rhizosphere samples with 

different soil conditions and plant species. 

 

The motivation of this study was to compare the genomes and ecology of the two 

Priestia species in order to assess the claim that they represent distinct groups. Because 

of that goal, the focus of the metagenomics analysis was limited to using the species 

ratio to search for differences between the distributions of the two species under all 

possible conditions, in order to uncover any environmental factors which benefit one 
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species over the other. However, future research can move past this comparative 

approach and examine each species on its own merits.
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Conclusions 
 

I have shown that P. megaterium and P. aryabhattai form separate, robust, 

monophyletic clades, and that the whole genome distances by ANI and dDDH are 

sufficient to classify them as separate species. This study resolves the taxonomic 

uncertainty regarding this group, and provides a practical and accessible tool for species 

identification: PCR primers targeting the species-specific genomic regions. 

 

The results of this study also show that the two species are good examples of 

Hanage’s concept of fuzzy species (44). In addition to the separate megaterium and 

aryabhattai clades, there also exist two small clades on intermediate branches. These 

clades appear to have mosaic genomes due to recombination between the larger 

megaterium and aryabhattai clades. Most of these genomes are sequenced from 

environmental samples, not culture collections or industrial strains, suggesting an 

extensive overlap in the ecological occurrence of the two species. It is not known 

whether this fuzzy species state is due to an ongoing but incomplete speciation, or a 

despeciation due to reintroduction of the two species to the same habitat (47), or if the 

partial separation of two species can be a stable and lasting state. A deeper analysis of 

the rates of recombination between the clades may help to answer this question (47). 

 

Bacterial species concepts that make use of the 70% DNA hybridisation cut-off to 

delineate species were previously criticised for using an arbitrary threshold (31), but 

later research using whole-genome sequence data showed a natural discontinuity in 

genome similarity values. Genome pairs from the same species are usually over 95% 

similar by ANI, and genomes from different species are usually 83% or lower, but few 
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genome pairs are observed between these values (14). The results of the whole-genome 

distance comparison in Chapter 2 showed a clear but narrow genetic discontinuity 

between the megaterium and aryabhattai clades, with the recombinant clades showing 

intermediate ANI values (Figure 2-5). Genome pairs from the megaterium clade had a 

minimum of 96.17% ANI, and genome pairs from the aryabhattai clade had a minimum 

of 96.78% ANI, but genome pairs from opposite clades had a maximum of 95.58% ANI. 

The next closest species, Priestia flexa, has a maximum of 80.94% ANI to genomes of the 

P. aryabhattai/megaterium group (Figure A-1). These results support the concept of 

bacterial species delineation by ANI discontinuity, given the understanding that some 

species groups can be more diverse than others and that closely related groups may 

have indistinct boundaries. 

 

It has been debated whether groups of bacteria with high rates of horizontal gene 

transfer can show a consistent phylogenetic signal, given that different genes within a 

genome will have different evolutionary histories (287). In practice, phylogenetic studies 

commonly use bifurcating tree models that do not account for recombination, although 

alternate models for reticulate evolution have also been developed (288). The inherent 

assumption behind the use of bifurcating trees is that, despite the occurrence of 

horizontal gene transfer, there remain some parts of the genome that have been 

undisrupted and can show an internally consistent phylogenetic signal — a clonal frame 

(134). Core housekeeping genes have been argued to be good candidates for 

phylogenetic studies because the cell would incur fitness costs if these genes were to be 

horizontally transferred (32), but multiple housekeeping genes may not give exactly the 

same phylogeny (289). It was uncertain if a small number of genes could accurately 

represent the phylogeny of the whole genome (290).  
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The results of this study showed a broad agreement between the tree structure 

produced by housekeeping gene sequences and whole-genome similarities (Figure 2-1), 

suggesting that the latter method was robust against conflicting signals from 

recombination in other parts of the genome within the megaterium and aryabhattai 

clades. However, these methods could not reliably place the interior clades of mosaic 

genomes, for which reticulate models (Figure 2-1c) or the filtering out of recombinant 

regions (Figure 2-4) may be more suitable. Thus, it cannot always be assumed that a 

selection of core genes will give an accurate phylogenetic tree, and conflicting 

phylogenetic signals must be investigated. 

 

In this study I developed two useful procedures. First, a dN score which can identify 

orthologs which have greatly diverged between species while also being conserved 

within species. This method is useful for examining the functional differentiation 

between two groups of sequences. Second, an algorithm for species reassignment of 

metagenomic reads using DNA sequence data. Since metagenomics analysis uses amino 

acid sequences for species identification (278), a second-pass species assignment using 

DNA sequences is useful for the fine resolution of closely-related species, for analyses of 

various purposes. Both procedures can be applied to any species. 

 

I used ortholog clustering and calculations of dN and dS between orthologs to identify 

the genes which show the greatest divergence between the two species, providing 

candidate genes with potential functional differences that can be investigated further by 

future research. Future work should aim to determine whether the sequence changes 

have affected these gene functions. I found that calculations of dN-dS, a test to show 

whether sequences are evolving neutrally or under positive or purifying selection, were 
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unable to provide such candidate genes showing divergence between the two species. 

For the top 100 orthologs which clearly showed extensive non-synonymous 

substitutions, no genes were detected under positive selection between the species 

based on dN-dS values with the Z-test of selection because the number of synonymous 

substitutions was higher than the number of non-synonymous substitutions. 

 

 Further investigation can be done in a more applied manner, starting with a 

bioinformatics approach using these candidate genes. For those genes which have been 

previously well characterised, with the protein’s active sites being known, the 

substitutions which are in active sites can be identified. Cultures of both species can 

then be tested in vivo for observable changes in protein structure, expression level, 

protein-protein interactions, and cell growth rate and survival between the two species 

under different environmental conditions. 

 

As for which orthologs are most deserving of further research, the top 100 orthologs 

by dN score in my results identified several themes in which multiple orthologs 

associated with a particular ortholog all showed substantial sequence changes. These 

included genes involved in cobalamin (vitamin B12) synthesis and use, the components 

of the PTS sugar transport systems, the sporulation process and its regulation, and 

flagellar assembly. Experiments to verify the functional differences in the two species 

should therefore focus on the roles of these systems as well as their less obvious effects, 

such as the vulnerabilities of PTS systems to antimicrobial molecules and viruses. 

 

The genes related to sporulation that differed between species included a gene with 

amino acid substitutions that regulates the sporulation process (Figure 3-8), and a 
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protective spore protein (Table A-4) that had a higher gene copy number in the 

aryabhattai genome assemblies. Given that mutations in other genes have been shown 

to affect the sporulation timing of a related species (291,292), future investigations into 

differences in the dispersal of P. megaterium and P. aryabhattai should begin with an 

experimental comparison of the conditions required to induce sporulation and its 

timing. These orthologs with extensive substitutions between groups could also affect 

the timing of bacterial lifecycle transitions, such as the conditions under which biofilm 

formation or motile flagellated cells are favoured. 

 

I found that P. aryabhattai had an increase in gene copy number of several genes 

involved in iron import, a function that is related to plant growth promotion by 

rhizospheric bacteria. Given that the results of my metagenomics analysis did not 

support the niche of P. aryabhattai as a high-altitude species, but that the comparative 

genomics showed these changes in plant growth promoting genes, I offer the alternate 

hypothesis that P. aryabhattai may be preferentially associated over P. megaterium with 

one or more tropical plant species that are local to Southeast Asia. This hypothesis aims 

to also explain the finding from this study that metagenomic samples from Southeast 

Asia were more likely than those from other regions to show a higher abundance of 

P. aryabhattai than of P. megaterium. As discussed earlier, both of these species have 

received research attention for their plant growth promotion and cobalamin production 

(86,91,266), but they have not been directly compared on these functions. The 

hypothesis of a Southeast Asian plant niche can be tested by further metagenomics 

experiments which compare the abundances of the two species in samples of 

rhizospheric soil and plant roots from Southeast Asia and other tropical and temperate 

regions. 



 
 

 139 
 

The results of Chapter 3 suggest that two smaller clades within the 

P. megaterium/aryabhattai group consist of mosaic genomes that are likely to have 

formed by frequent recombination between the larger clades. This recombination  

would have required strains from the megaterium and aryabhattai clades to coexist in 

close proximity, and so an extensive overlap in the ecological and geographical 

distributions of the two groups was to be expected. It is unclear whether the lower 

general abundance of P. aryabhattai in the air metagenomics data was the result of the 

clade having less diversity than P. megaterium, or if there are more unsampled 

environments which would show higher abundances of P. aryabhattai. 

 

The methodology of using species abundances in air samples to hypothesise 

differences in adaptation to niches on the ground assumes that the two species are 

sporulating at equal rates, but the observed substitutions in sporulation genes may 

affect the rate or conditions for sporulation. Differences in the ability of each species to 

colonise an environment, such as soil or a plant host, may also affect their ability to form 

biofilms from which large numbers of spores can be created. Further metagenomics 

studies can be used to compare the abundances of the two species in tropical and non-

tropical soils, and assess the correlation between Priestia abundances in soil and in the 

surrounding air. Using the updated taxonomy presented here, culture-based studies of 

plant-associated Priestia strains can also compare the two species’ colonisation and 

growth effects on plants from different climates. 
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Appendix A  
 
 
Table A-1: Genome assembly statistics of new P. aryabhattai genomes announced in this study, plus the GenBank representative strain K13 for comparison.  

Genome name Priestia clade GenBank accession 
Number of 

contigs 

Genome length 

(bp) 
N50 (bp) GC content (%) 

CheckM 

completeness 

CheckM 

contamination 

CheckM 

heterogeneity 
Prokka CDS 

Prokka rRNA 

(5S, 16S, 23S) 
Prokka tRNA 

SGAir0178 aryabhattai 
CP028074-

CP028080 
7 5,473,470 5,001,814 38.03 98.85 0.03 0 5579 43 148 

SGAir0179 aryabhattai 
CP025620-

CP025623 
4 5,305,001 5,053,919 38.14 99.43 0.07 0 5363 43 133 

SGAir0202 aryabhattai 
CP028043-

CP028049 
7 6,362,169 5,077,550 37.22 99.43 7.42 0 6569 43 138 

SGAir0257 aryabhattai 
CP028019-

CP028030 
13 5,576,818 5,017,599 37.93 99.43 0.1 0 5679 46 145 

SGAir0265 aryabhattai 
CP027997-

CP028008 
12 5,571,671 5,011,965 37.93 99.43 0.69 60 5678 46 134 

SGAir0269 aryabhattai 
CP027989-

CP027996 
8 5,516,307 5,028,224 37.94 99.43 0.1 0 5603 41 119 

SGAir0414 aryabhattai 
CP027914-

CP027919 
7 5,390,002 5,159,113 38.01 99.43 0.09 0 5492 42 130 

SGAir0424 Recombinant 1 
CP027900-

CP027906 
8 5,659,875 5,262,388 37.95 99.43 0.03 0 5669 46 156 

SGAir0425 aryabhattai 
CP027889-

CP027899 
14 6,481,834 5,183,207 37.18 99.43 7.53 0 6604 42 158 

SGAir0427 aryabhattai 
CP027876-

CP027885 
10 5,628,789 5,103,336 37.94 99.43 0.68 37.5 5700 51 150 

SGAir0428 Recombinant 1 
CP027870-

CP027875 
6 5,617,367 5,226,421 37.93 99.43 0.09 0 5687 44 146 

SGAir0563 aryabhattai 
CP027931-

CP027939 
10 6,572,477 5,017,311 37.19 99.43 7.7 0 6782 46 155 

K13 aryabhattai 
CP024035-

CP024037 
3 5,254,250 5,035,815 38.17  -  -  - 5310 42 130 
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Table A-2: Phenotype tests on 12 P. aryabhattai isolates and one P. megaterium isolate (continued next page). Strains in orange are in the aryabhattai clade; blue, in the 
megaterium clade; green, in recombinant clade 1 (see Figure 2-1). There is no test that has been shown to distinguish between these clades. The P. aryabhattai and recombinant 
strains are the new genomes described in this study; the P. megaterium strain SGAir0080 is from Kalsi et al. 2019.  

 

 

20 MDM methyl-

alphaD-

mannopyranoside 

21 MDG methyl-

alphaD-

glucopyranoside 

22 NAG n-

acetylglucosamine 

23 AMY 

amygdaline 

24 ARB 

arbutin 

25 ESC 

esculin 

ferric 

citrate 

26 

SAL 

salicin 

27 CEL d-

cellobiose 

28 MAL 

d-

maltose 

29 LAC 

d-

lactose 

30 MEL 

d-

melibiose 

31 SAC d-

saccharose 

sucrose 

32 TRE d-

trehalose 

33 

INU 

inulin 

34 MLZ d-

melezitose 

35 RAF 

d-

raffinose 

36 

AMD 

amidon 

starch 

37 GLYG 

glycogen 

38 

XLT 

xylitol 

39 GEN 

gentiobiose 

40 TUR 

d-

turanose 

- + + + + + + + + + + + + - - + + + - + + 

- + + + + + + + + + + + + + + + + + - + + 

- + + + + + + + + + + + + - - + + + - + + 

- + + + + + + + + + + + + + - + + + - + + 

- + + + + + + + + + + + + - - + + + - + + 

- + + + + + + + + + + + + - + + + + - + + 

- + + + + + + + + + + + + - - + + + + + + 

- + + + + + + + + + + + + - - + + + - + + 

- + + + + + + + + + + + + - + + + + - + + 

- + + + + + + + + + + + + + - + + + - + + 

- + + + + + + + + + + + + + + + + + + + + 

- + + + + + + + + + + + + + + + + + - + + 

- + + + + + + + + + + + + - + + + + - + + 

 

Strain 
name 

0 CTRL 
1 GLY 
glycerol 

2 ERY 
erythritol 

3 DARA d-
arabinose 

4 LARA l-
arabinose 

5 RIB d-
ribose 

6 DXYL d-
xylose 

7 LXYL l-
xylose 

8 ADO d-
adonitol 

9 MDX methyl-
betaD-
xylopyranoside 

10 GAL d-
galactose 

11 GLU d-
glucose 

12 FRU d-
fructose 

13 MNE 
d-
mannose 

14 SBE l-
sorbose 

15 RHA l-
rhamnose 

16 DUL 
dulcitol 

17 INO 
inositol 

18 MAN 
d-
mannitol 

19 SOR d-
sorbitol 

SGAir0178 - + - - + + - - - - + + + + - - - + + - 
SGAir0179 - + - - - + + - - - + + + - - - - + + - 
SGAir0202 - + - - + + - - - - + + + - - - - + + - 
SGAir0257 - + - - + + + - - - + + + - - - - + + - 
SGAir0265 - + - - + + + - - - + + + - - - - + + - 
SGAir0269 - + - - + + + - - - + + + + - - - + + - 
SGAir0414 - + - - + + + - - - + + + - - - - + + - 
SGAir0425 - + - - + + - - - - + + + - - - - + + - 
SGAir0427 - + - - + + - - - - + + + - - - - + + - 
SGAir0563 - + - - + + + - - - + + + - - - - + + - 
SGAir0424 - + - - + + + - - - + + + + - - - + + - 
SGAir0428 - + - - + + + - - - + + + + - - - + + - 
SGAir0080 - + - - + + + - - - + + + + - - - + + - 
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Table A-2 continued from previous page. 

41 

LYX d-

lyxose 

42 TAG 

d-

tagatose 

43 DFUC d-

fucose 

44 

LFUC 

l-

fucose 

45 

DARL 

d-

arabitol 

46 LARL 

l-

arabitol 

47 GNT 

potassium 

gluconate 

48 2KG 

potassium 2-

ketogluconate 

49 5KG 

potassium 5-

ketogluconate 

50 ONPG 

beta 

galactosidase 

51 ADH 

arginine 

dihydrolase 

52 LDC lysine 

decarboxylase 

53 ODC 

ornithine 

decarboxylase 

54 CIT 

citrate 

utilisation 

55 H2S 

production 

56 

URE 

urease 

57 TDA 

tryptophan 

deaminase 

58 IND 

indole 

production 

59 VP 

acetoin 

production 

60 GEL 

gelatinase 

61 

NIT 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - + + - 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - + + - 

- - - - - - - - - + - - - - - - - - + + - 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - - + - 

- - - - - - - - - + - - - - - - - - + + - 

- - - - + - - - - + - - - - - - - - + + - 

- - - - - - - - - + - - - - - - - - - + - 
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Table A-3: Housekeeping genes used in the multilocus sequence analysis of P. aryabhattai and P. 
megaterium (Figure 2-1a).  

Function Genes 

Ribosome assembly rbfA, rimM, rplA, rplB, rplD, rplM, rplO, rplP, rplT, rplV, rplX, rpsA, rpsB, 
rpsC, rpsD, rpsE, rpsG, rpsH, rpsI, rpsK, rsmA, rsmG, rsmH, typA, ybeY 

Translation frr, infC, lepA, prfA, prfB, rsfS, smpB 

Transcription nusB, nusG 

tRNA synthesis alaS, aspS, cysS, metG, pheS, serS, tilS, trmD, tsaD 

DNA topology gyrA, gyrB, recG 

DNA repair mfd, recA, recN, recR, ruvA, ruvB, uvrB, uvrC 

DNA replication dnaA, dnaN, dnaX 

RNA polymerases rpoB, rpoC 

Protein transport secA, secE, secG, secY 

Other atpD, clpX, coaD, dnaK, era, ffh, ftsY, guaB, pnp, purB, rseP 
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Figure A-1: Pairwise dDDH and ANI values between Priestia complete genomes, as in Figure 2-5, but also 
including two genomes from the nearest other species Priestia flexa. Dotted lines indicate the 
conventional same-species thresholds of 70% dDDH and 95% ANI. The discontinuity in genetic distance 
between species is clearly visible in comparisons between P. flexa and the P. aryabhattai/megaterium 
group (red). Comparisons between P. megaterium and P. aryabhatta are around the threshold of different 
species (purple), but could be considered as ‘fuzzy species’ due to the occurrence of recombinant 
genomes between them (green, black). 
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Table A-4: Details of the blocks of adjacent species-specific core genes for P. megaterium and 
P. aryabhattai. Gene functions were predicted using Prokka 1.14.6. Reference genomes (column 4) are 
P. megaterium 22-2 (genome accession GCA_009935415.1, genes are found on contig 
NZ_NKAQ01000003.1) and P. aryabhattai (genome GCA_002688605.1, contig NZ_CP024035.1).  

Species  
Block number and size, 

reference genome contig 
Gene name 

Location in reference 

genome contig 

Priestia 

megaterium 

1 

10,756 bp 

NZ_NKAQ01000002.1 

speE polyamine 

aminopropyltransferase 
658387..659274 

Hypothetical protein 657709..658383 

Hypothetical protein 654842..657463 

murF UDP-N-
acetylmuramoyl-

tripeptide--D-alanyl-D-
alanine ligase 

653436..654845 

prpB 2-methylisocitrate 
lyase 

651905..653422 

Hypothetical protein 650782..651912 

phnW 2-
aminoethylphosphonate—

pyruvate transaminase 

648948..650789 

Hypothetical protein 648518..648940 

2 

6,252 bp 

NZ_NKAQ01000002.1 

degA HTH-type 

transcriptional regulator 
475064..476095 

aroK Shikimate kinase 474482..475039 

safD Sulfoacetaldehyde 
dehydrogenase 

472504..473934 

ilvB Acetolactate 
synthase large subunit 

470695..472452 

aroD 3-dehydroquinate 
dehydratase 

470149..470628 

3 

7,681 bp 

NZ_NKAQ01000002.1 

aroE Shikimate 
dehydrogenase 

452325..453221 

garP putative galactarate 
transporter 

450378..451682 

smtB succinyl-CoA-L-- 
malate CoA-transferase 

beta subunit 

449058..450266 
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yngG 
hydroxymethylglutaryl-

CoA lyrase 

448102..449058 

safD sulfoacetaldehyde 

dehydrogenase 
446502..447950 

Hypothetical protein 445539..446414 

4 

394 bp 

Hypothetical protein 25035..25214 

Hypothetical protein 24820..25008 

5 

2,495 bp 

NZ_NKAQ01000003.1 

yedA putative inner 
membrane transporter  

1681432..1682349 

lysN 2-aminoadipate 
transaminase 

1679854..1681287 

6 

1,478 bp 

sspH Small, acid soluble 
spore protein H 

1254644..1254823 

Hypothetical protein 1253857..1254117 

Hypothetical protein 1253345..1253500 

7 

2,107 bp 

iolG inositol 2-

dehydrogenase / D-chiro-
inositol 3-dehydrogenase 

1160037..1161146 

yofA HTH-type 
transcriptional regulator  

1159039..1159896 

8 

778 bp 

Hypothetical protein 1037478..1037831 

psiE Protein PsiE 1037053..1037475 

Priestia 

aryabhattai 

1 

2,010 bp 

adhT alcohol 

dehydrogenase 
3441256..3442296 

sasP-B small acid soluble 

spore protein gamma type 
3441037..3441204 

Hypothetical protein 3440286..3440777 

2 

1,059 bp 

misCA membrane protein 

insertase 
3307377..3308141 

Hypothetical protein 3307082..3307321 

3 

1,418 bp 

czcD cadmium/cobalt/zinc 
antiporter 

1729542..1730477 

Hypothetical protein 1729059..1729208 
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Table A-5: Top 100 orthologs by average dN between P. aryabhattai and P. megaterium sequences. Only genes which were present in 95% of genomes from both species are 
shown. Genes were included only if the average dN within each species was < 0.15 and the average dS within each species was < 0.175. Genes are ranked by the average dN of 
sequences from different species minus the average dN of sequences from the same species. Gene length is the length of the trimmed alignment of the individual sequences of 
the ortholog. Gene names are as annotated by Prokka; the best match for each ortholog in the UniProtKB database was found by BLASTP search using the ortholog’s sequence 
from the genome assembly of the strain P. megaterium A.  

dN 

score 

rank 

Gene name  

(Prokka) 

Average dN 

between 

species 

Gene 

length 

(aa) 

UniProt best match 

UniProt best 

match sequence 

identity (%) 

UniProt 

best match 

e–value 

1 Transcriptional regulator ManR 0.495552675 667 
Transcription antiterminator BglG 

 
49.4 0 

2 Ascorbate-specific PTS system EIIB component 0.403587048 89 
PTS lactose transporter subunit IIB 

 
75.6 2.1e-40 

3 Ascorbate-specific PTS system EIIC component 0.282406341 420 
PTS ascorbate transporter subunit IIC 

 
74.9 0 

4 
Vitamin B12-dependent ribonucleoside-

diphosphate reductase 
0.319603351 439 

Vitamin B12-dependent ribonucleotide 

reductase 

 

86.9 0 

5 Maltose O-acetyltransferase 0.195696175 185 Acetyltransferase 71.9 3.1e-96 

6 Hypothetical protein 1370 0.106122214 119 Sporulation protein 81.5 7.3e-61 

7 Phosphoribosyl-dephospho-CoA-transferase 0.081093714 202 
Holo-ACP synthase, malonate 

decarboxylase-specific 
84.6 6.2e-118 

8 Shikimate kinase 0.068419279 183 Shikimate kinase aroK 90.7 8.8e-116 

9 Hypothetical protein 2239 0.074971472 133 Flagellar assembly protein FliT 83.9 5.1e-61 
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10 Hypothetical protein 1788 0.054407855 64 Phage protein 87.5 2.9e-39 

11 Hypothetical protein 869 0.07570106 241 Zinc transporter, ZIP family 83.4 7.3e-143 

12 Hypothetical protein 1020 0.060292666 181 DUF4825 domain-containing protein 86.7 4.9e-109 

13 Hypothetical protein 1704 0.069987894 209 
CAAX amino terminal protease family 

protein 
86.1 1.1e-128 

14 Hypothetical protein 2238 0.066361603 134 Acetyltransferase, GNAT family 85.8 6.9e-82 

15 Hypothetical protein 1857 0.103817638 224 DUF1573 domain-containing protein 79.5 1.2e-126 

16 Hypothetical protein 1216 0.065213201 325 
Multidrug resistance efflux transporter 

family protein 
87.7 0 

17 Adenosylcobinamide-GDP ribazoletransferase 0.049378508 261 

Adenosylcobinamide-GDP 

ribazoletransferase, Cobalamin synthase, 

Cobalamin-5’-phospate synthase 

90.7 3e-167 

18 Hypothetical protein 1164 0.080779198 56 DUF4366 domain-containing protein 87.5 6.9e-31 

19 Hypothetical protein 2222 0.054339369 204 Iron reductase 89.7 1.8e-130 

20 Hypothetical protein 501 0.045981425 57 DUF3970 domain-containing protein 92.9 6.2e-37 

21 Hypothetical protein 893  0.052612799 127 Putative membrane protein 89.8 9e-77 

22 Hypothetical protein 1456 0.061066545 152 Acetyltransferase, GNAT family 88.1 3.3e-91 

23 IS1595 family transposase ISBsu3 0.057199026 148 Acetyltransferase family protein 87.8 4e-90 

24 Hypothetical protein 499 0.056383434 30 Lmo0937 family membrane protein 56 0.0012 

25 Hypothetical protein 1077 0.086347355 209 Alpha/beta hydrolase 82.9 5.4e-118 

26 Hypothetical protein 1145  0.047426278 191 Acetyltransferase, GNAT family 90 9.9e-128 



 
 

 149 
 

27 Putative serine threonine-protein kinase YbdM  0.04810806 273 Serine/threonine protein kinase 89.7 6.1e-175 

28 Hypothetical protein 1248 0.061239166 298 Dot/Icm system substrate protein LidA 86.4 0 

29 Hypothetical protein 1708 0.061551338 76 DUF3953 domain-containing protein 85.1 1.8e-43 

30 Hypothetical protein 1614 0.054760246 166 
CDP-diacylglycerol--glycerol-3-phosphate 3-

phosphatidyltransferase 
88.6 7.8e-108 

31 

Bifunctional adenosylcobalamin biosynthesis 

protein CobP, Bifunctional adenosylcobalamin 

biosynthesis protein CobU 

0.048545594 186 

Adenosylcobinamide kinase, 

Adenosylcobinamide-phosphate 

guanylyltransferase 

90.2 2.4e-144 

32 Hypothetical protein 1977  0.050300362 385 Transporter (Major facilitator Superfamily) 89.9 0 

33 Spermidine/spermine N1-acetyltransferase 0.043105066 174 
Protease synthase and sporulation negative 

regulatory protein PAI 1 
91.1 2.9e-106 

34 Hypothetical protein 318  0.051341078 445 HATPase_c_4 domain-containing protein 89.7 0 

35 Hypothetical protein 2150 0.040725526 162 dUTPase 90.1 4.4e-103 

36 Hypothetical protein 1166 0.056957546 54 Prophage protein 88.7 2.8e-37 

37 Shikimate kinase 0.069869651 186 Shikimate kinase 88 5.1e-113 

38 Hypothetical protein 2012 0.085342329 746 Flagellar hook-length control protein FliK 81 0 

39 Hypothetical protein 1927  0.053694004 112 Flagellar protein FliT 88.4 3.3e-65 

40 Beta-phosphoglucomutase 0.046089327 235 Beta-phosphoglucomutase 89.9 3e-148 

41 Copper homeostasis protein CutC 0.043989708 209 PF03932 family protein CutC 92.3 3.8e-136 

42 Hypothetical protein 1362 0.044857525 110 DUF4199 domain-containing protein 90 5e-66 

43 Hypothetical protein 1030 0.043869853 119 KleE 89.9 3.1e-71 
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44 Foldase protein PrsA 0.038675577 300 peptidylprolyl isomerase 91.7 0 

45 Hypothetical protein 1026 0.037391532 58 50S ribosomal protein L29 91.4 3.2e-35 

46 Hypothetical protein 927 0.038338163 89 Helix-turn-helix domain of resolvase 91 4.1e-53 

47 Hypothetical protein 1462 0.037307587 33 Stage V sporulation protein E 87.5 0.069 

48 Hypothetical protein 1233 0.05252934 122 Oligoendopeptidase F 25.5 0.44 

49 Hypothetical protein 1914 0.054582836 117 Cupin domain protein 88.9 4.8e-74 

50 Molybdenum cofactor guanylyltransferase 0.034218831 189 
Molybdenum cofactor guanylyltransferase 

MobA 
92.6 1.2e-127 

51 
Hydroxyacylglutathione hydrolase, putative 

metallo-hydrolase YflN 
0.060658698 219 Metal-dependent hydrolase 92.3 3.5e-165 

52 Mycothiol acetyltransferase  0.040870211 276 Acetyltransferase, GNAT family 90.9 0 

53 Hypothetical protein 288 0.047937173 396 DUF58 domain-containing protein 92.5 0 

54 L-2,4-diaminobutyrate decarboxylase  0.041668081 478 L-2,4-diaminobutyrate decarboxylase 91.4 0 

55 

Histidine biosynthesis bifunctional protein HisB, 

D-glycero-beta-D-manno-heptose-1 7-

bisphosphate 7-phosphatase 

0.045650251 184 D,D-heptose 1,7-bisphosphate phosphatase 91.8 3.9e-119 

56 RNA 2’,3’-cyclic phosphodiesterase  0.03801614 184 
RNA 2',3'-cyclic phosphodiesterase, RNA 

2',3'-CPDase 
91.3 5.8e-121 

57 Hypothetical protein 1324 0.033100002 75 DUF2536 family protein 93.2 1.7e-53 

58 Hypothetical protein 1710 0.045326776 65 CYCLIN domain-containing protein 39.3 0.028 

59 Hypothetical protein 1253 0.040925032 113 DUF3147 family protein 90.5 2.5e-59 
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60 Urease subunit beta 0.031264032 108 
Urease subunit beta, Urea amidohydrolase 

subunit beta 
93.5 1.8e-67 

61 HTH-type transcriptional regulator SutR 0.0454336 185 Helix-turn-helix DNA-binding protein 90.8 3.6e-120 

62 Molybdate-binding protein ModA  0.037474211 265 
Molybdate ABC transporter, molybdate-

binding protein ModA 
92.5 6.5e-174 

63 ATP-dependent dethiobiotin synthetase BioD 0.032227416 240 
ATP-dependent dethiobiotin synthetase 

BioD, DTB synthetase, DTBS 
 93.8 1e-160 

64 IS1595 family transposase ISSpgl1 0.046122732 179 Acetyltransferase, GNAT family 89.9 2e-114 

65 Hypothetical protein 352 0.037979863 178 Movement protein BC1 91.6 2.1e-115 

66 Hypothetical protein 352 0.035945639 149 Putative lipoprotein 90.6 3.3e-94 

67 L-amino acid N-acetyltransferase AaaT 0.068164933 180 Acetyltransferase, GNAT family 88.3 4.9e-111 

68 Hypothetical protein 1706 0.041453023 166 Acetyltransferase, GNAT family 92.2 3.3e-109 

69 Hypothetical protein 772 0.061969776 215 Conserved membrane protein 86.4 2.2e-131 

70 Intracellular serine protease 0.037851538 319 Intracellular serine protease 92.8 0 

71 Hypothetical protein 727 0.044003045 306 
Putative oxidoreductase, short chain 

dehydrogenase/reductase family protein 
93.8 0 

72 

Leucine efflux protein, 

Homoserine/homoserine lactone efflux protein 

 

0.036703128 209 Translocator protein, LysE family 93.3 9.4e-137 

73 Hypothetical protein 1427 0.045667183 247 
Xylose isomerase domain protein TIM 

barrel 
90.3 3.5e-160 
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74 
Peptidoglycan L-alanyl-D-glutamate 

endopeptidase CwlK 
0.041352763 173 Cell wall carboxypeptidase 91.9 1.8e-114 

75 Hypothetical protein 1188  0.036495105 61 DUF4083 domain-containing protein 93.4 9.4e-40 

76 Hypothetical protein 359 0.033019362 57 Uncharacterized protein 94.5 1.3e-35 

77 Hypothetical protein 1800 0.045984016 127 Lipoprotein 89 3.9e-61 

78 4,4’-diaponeurosporenoate glycosyltransferase 0.033500905 368 
Glycosyl transferase domain protein, group 

2 family protein 
93.2 0 

79 Bacillibactin exporter 0.033718536 403 Transporter, major facilitator family 93.1 0 

80 
2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase 
0.030346123 204 Alpha-ribazole phosphatase CobC 93.1 2.1e-142 

81 Flagellar biosynthesis protein FlhF 0.034581789 365 
Flagellar biosynthesis protein FlhF, Flagella-

associated GTP-binding protein 
92.6 0 

82 Hypothetical protein 900  0.044388005 174 DinB 2 domain-containing protein 90.8 5.4e-112 

83 Hypothetical protein 1232 0.044924217 472 Ethanolamine utilization protein EutA 92.8 0 

84 Hypothetical protein 1646 0.032684504 56 KTSC domain-containing protein 91.1 1.2e-34 

85 Fructokinase 0.043965153 316 Carbohydrate kinase, PfkB family protein 91.1 0 

86 Hypothetical protein 2489 0.050304647 133 PA14 domain-containing protein 88.7 3.7e-81 

87 Sensor histidine kinase gras 0.034479454 344 Histidine kinase 92.7 0 

88 Hypothetical protein 928 0.032420056 214 Fibronectin-binding protein 92.1 3.e-140 

89 
Putative FMNH2-dependent monooxygenase 

SfnC 
0.031186187 395 Acyl-CoA dehydrogenase 92.9 0 
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90 Hypothetical protein 2133 0.106309372 64 Two-component sensor histidine kinase 100 7.9e-36 

91 Hypothetical protein 1897 0.030613383 152 
Carboxymuconolactone decarboxylase 

family protein 
91.4 5.3e-97 

92 Hypothetical protein 1254 0.031191396 135 Transcriptional regulator, MarR family 93.3 5.7e-86 

93 Hypothetical protein 678  0.03288705 265 Hydrolase 93.6 1.7e-176 

94 Hypothetical protein 319 0.042377522 298 Amidase 89.9 0 

95 Hypothetical protein 1717  0.03683765 266 DNA-binding protein 93.9 1.2e-42 

96 Putative protein YpbG  0.031491121 255 Phosphoesterase 92.9 7.9e-170 

97 Hypothetical protein 1519 0.079977442 50 Ovule protein 84 1.9e-27 

98 Hypothetical protein 2145 0.030873432 108 ABC transporter permease 94.4 1.9e-6 

99 Hypothetical protein 1571 0.083224991 174 Lipoprotein, putative 81 8.1e-98 

100 Hypothetical protein 223 0.061772329 69 Endonuclease 93.8 5.6e-42 
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