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ABSTRACT 

 Bacterial identification methods are important for medical, environmental, food and industrial 

microbiology. Current bacterial identification methods range from low resolution techniques 

such as biochemical testing and sequencing of the 16S rRNA gene  to high-resolution methods 

such as whole genome sequencing. There are few options in between. To fill this gap, I applied 

a reduced-representation sequencing technique (DArTseq) for bacterial identification and 

typing to the field of microbiology, specifically medical microbiology and environmental 

microbiology. To analyse reduced-representation sequencing data, I developed a bioinformatics 

pipeline, Currito3.1 DNA Fragment Analysis Software for bacterial identification and strain 

typing. To meet these targets on medical and environmental microbiology, this thesis presents 

results from two case studies. The first case study involved genotyping 165 bacterial isolates 

previously identified using conventional methods, provided by the Microbiology Department 

of Canberra Public Hospital. These were processed with reduced-representation sequencing, 

using three combinations of restriction enzymes: PstI with MseI, PstI with HpaII and MseI with 

HpaII. All bacterial samples were correctly identified to genus and species by each of the three 

combinations of restriction enzymes. In the second case study, bacterial isolates were obtained 

from compost, domestic hot water systems and artesian bores of the Great Artesian Basin. The 

sampling locations represented extreme environments with temperatures as high as to 98°C. 

The study resulted in the isolation of 99 bacterial strains of the thermophilic genera 

Anoxybacillus, Geobacillus and Parageobacillus, from which 8 samples were selected for 

whole-genome sequencing. Identifications using reduced-representation sequencing agreed 

completely with identifications provided by whole-genome sequencing. Novel species were 

discovered within this set of bacterial isolates. A phylogenetic analysis and comparative 

genomic study of the three thermophilic bacterial genera, Anoxybacillus, Geobacillus and 

Parageobacillus, was performed to confirm the taxonomic placement of seven new genomes 
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of thermophilic bacteria. Substantial changes to the delimitation of the three genera have been 

made in recent years, and an integrated phylogenomic analysis was considered necessary to 

explore the phylogenetic relationships between these closely related genera, and provide correct 

placements for the newly sequenced genomes. A total of 113 complete genome assemblies from 

the RefSeq database, including Anoxybacillus, Geobacillus and Parageobacillus, were selected. 

Phylogenomic metrics were obtained, including calculation of Average Nucleotide Identity 

(ANI) and Average Amino acid Identity (AAI) and a maximum likelihood tree was constructed 

from alignment of a set of 662 orthologous core genes. The combined results from the core 

gene trees and ANI and AAI UPGMA dendrograms show that the genomes split into two main 

clades. Clade I contains all Geobacillus, all Parageobacillus and some species of 

Anoxybacillus, and Clade II, contains the majority of Anoxybacillus species. Clade I is further 

partitioned into three clades, consisting separately of Geobacillus, Parageobacillus, and a third 

clade which we suggest should be elevated to a new genus (Quasigeobacillus gen. nov.). In 

conclusion, complexity-reduced genotyping offers an accurate alternative to conventional 

methods for bacterial identification and strain typing and generates sequencing results without 

the need for previous sequence information for primer design. This allows for high-resolution 

sequence data to be produced for any bacteria without prior knowledge of taxonomic affinity. 

This technology fills a gap in currently available technologies, until such time as whole-genome 

sequencing is economically viable for routine application, and bioinformatic tools for such a 

purpose, are readily available for use.  
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CHAPTER 1 - GENERAL INTRODUCTION 

1. Thesis overview  

Bacterial identification methods are important for medical (Sloan, Wang, & Cheng, 2017), 

environmental (Avanzi et al., 2017; I. C. Santos, Hildenbrand, & Schug, 2016), food and 

industrial microbiology (Okafor & Okeke, 2017). A wide range of techniques have been 

employed for identification, and in particular, the more recent molecular biology techniques 

can be used to identify genetic characteristics (Li, Raoult, & Fournier, 2009; Wolska, 2012) 

that are indistinguishable with conventional microbiology techniques. The best option for 

differentiating bacterial isolates is whole-genome sequencing; however, elevated costs and 

difficulties with data analysis are continuing issues (MacCannell, 2013) preventing routine use 

(Köser et al., 2012; Quainoo et al., 2017; Ruppitsch, 2016). Here I present an approach using a 

reduced-representation sequencing technique, DArTseq (Akbari et al., 2006; Georges et al., 

2018; Kilian et al., 2012; Sansaloni et al., 2011, ; Moreira et al., 2019; Dracatos et al., 2019), 

along with a newly developed bioinformatics pipeline, Currito3.1 DNA Fragment Analysis 

Software for bacterial identification, strain typing and discovery of novel microorganisms. 

 Reduced-representation sequencing produces short sequence reads from restriction 

fragments, derived from across the genome, which provides a very different perspective 

compared to methods based on sequencing of single targeted gene segments, such as ribosomal 

RNA genes and housekeeping genes (Davey et al., 2011). There are a number of reduced-

representation approaches other DArTseq. DArTseq is a well-established method that has been 

applied for a wide range of purposes (Malebe, Mphangwe, Myburg, & Apostolides, 2019; 

Robbana et al., 2019). Studying different reduced-representation approaches and measuring 

their relative strengths and weaknesses is not the purpose of this thesis. In this research, the aim 

is to investigate the information which can be derived from reduced-representation sequencing 
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in contrast with targeted gene sequencing. The study of comparative genomics of bacteria has 

revealed a complex picture, characterised by abundant large-scale genome rearrangements and 

horizontal gene transfers, distinguishing otherwise closely related species. As a result, methods 

which rely on highly focused and localized sequence information can provide a very biased 

picture compared to methods which use sequence information from across the genome.  

 Reduced-representation sequencing produces a large number of short-read sequences, 

which must be analysed to derive the bacterial identification and typing information. The 

general concept is based upon on sequence alignment to bacterial genome databases; however, 

no existing analytical pipelines were available to process and manage large volumes of short-

read sequence data to produce bacterial identification and typing results. I developed a 

bioinformatic pipeline, called Currito3.1 DNA Fragment Analysis Software, to automatically 

process reduced-representation sequence data. Each step has a specific Python script or C++ 

binary which use short-read sequences as input and produce a report containing identification 

results for each sample. These scripts are tied together using the shell scripting language 

PowerShell, linking inputs and outputs from each step to automate data analysis, plot results 

and produce a report showing the best candidate reference genome matches obtained for each 

sample analysed. Most of this pipeline code was written specifically for this project, although 

certain steps of the pipeline contain elements from publicly available sources, such as National 

Center for Biotechnology Information (NCBI) BLAST+ (McGinnis & Madden, 2004) which is 

used to obtain the best match from the genome databases (Agarwala et al., 2018), MLST 

(Larsen et al., 2012) which is used to perform an in-silico analysis of Multilocus sequence 

typing (MLST) alleles in the best candidate genomes obtained from the pipeline, and Circos 

(Krzywinski et al., 2009), which is used as a visualization tool to plot the circular bacterial 

reference genomes and display the alignments of the obtained complexity-reduced fragments. 
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In this thesis, I used two case studies to assess the reduced-representation sequencing method 

in medical and environmental microbiology.  

 The first case study is described in Chapter 2. A set of bacterial isolates from a medical 

pathology laboratory were assayed using a reduced-representation sequencing technique 

(DArTseq) in order to compare the results with standard techniques. Variations on reduced-

representation methods were tested to determine the best enzyme combinations and the 

accuracy and limits of the reduced representation sequencing approach for bacterial 

identification and typing in a medical microbiology context. In this case study, pathogenic 

bacterial isolates of the following genera and species, were processed using reduced-

representation sequencing (DArTseq) and analysed with the bioinformatics pipeline Currito3.1 

DNA Fragment Software Analysis: Citrobacter amalonaticus, Citrobacter freundii, 

Enterobacter aerogenes, Enterobacter asburiae, Enterobacter cloacae complex, Enterobacter 

faecalis, Enterococcus faecium, Escherichia coli, Hafnia alvei, Klebsiella oxytoca, Klebsiella 

pneumoniae, Morganella morganii, Providencia rettgeri, Serratia marcescens, and  

Staphylococcus aureus.  

A second case study is described in Chapter 3. It involved the application of reduced-

representation sequencing for the discovery and identification of thermophilic bacterial isolates 

from domestic hot water systems, commercial compost and the Great Artesian Basin in South 

Australia. Samples were taken from a range of locations in Australia with the aim of isolating 

thermophilic bacteria and subsequently identifying the isolates using a reduced-representation 

sequencing approach in environmental microbiology. Furthermore, a phylogenetic study was 

performed on the closely related genera Anoxybacillus, Geobacillus and Parageobacillus, to 

the which majority of isolates obtained were found to belong.  During the process of discovery 

and identification of novel bacteria, a polyphasic approach is usually taken in which multiple 

lines of phenotyping and DNA evidence are examined to find the taxonomic relationship of the 
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novel sample to existing species. In the case of Anoxybacillus, Geobacillus and 

Parageobacillus, these genera are very closely related and whilst taxonomic studies have been 

done within these genera, no comprehensive study has been undertaken to determine the 

taxonomic boundaries between these three genera. The phylogenetic analysis in Chapter 4, uses 

the available genome assemblies of the three genera, to assess the relationships and to make a 

preliminary placement of seven sequenced genomes of Australian Anoxybacillus, Geobacillus 

and Parageobacillus strains from Chapter 3.  

 Finally, in Chapter 5, I provide a synopsis outlining key findings and future perspectives 

for reduced-representation sequencing in microbiology for medical and environmental 

purposes. This research contributes to the development of reduced-representation sequencing 

as a method for bacterial identification and strain typing which is broadly applicable in medical 

microbiology and environmental microbiology. This method has distinct advantages over 

existing techniques, particularly with regard to providing a broad scale coverage of a subset of 

the genome. 

1.2 Bacterial identification methods and strain typing 

Bacterial identification methods are essential for medical (Sloan, Wang, & Cheng, 2017), 

environmental (Avanzi et al., 2017; I. C. Santos, Hildenbrand, & Schug, 2016) and industrial 

microbiology (Okafor & Okeke, 2017). Bacterial identification refers to identifying a particular 

strain of interest up to the genus or species level and bacterial strain typing refers to classifying 

bacteria at the species or strain level, and may also include evaluating other characteristics, such 

as toxin production, virulence or antibiotic resistance (Ruppitsch, 2016). In this thesis, the term 

strain is used to refer to a pure bacterial culture; and it is also used to refer to a closely related 

clone. The term strain was also used to refer to a particular reference genome assembly. In this 

case, the concept is aligned to that of the clone or pure bacterial culture (Dijkshoorn, Ursing, & 

Ursing, 2000). There are a range of methods available for bacterial identification and strain 
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typing which have evolved over time from basic phenotyping and simple biochemical testing, 

up to sequencing of entire bacterial genomes. Sequencing technologies have adapted to 

demands of modern science, increasing in speed, accuracy and quantity of data produced, from 

the first generation such as Sanger sequencing, to the second-generation sequencing, beginning 

with Roche 454 and leading to sequencing by synthesis with Illumina sequencing (Blom, 2013). 

Figure 1.1 shows a diagram indicating methods used for bacterial identification and strain 

typing (Li, Raoult, & Fournier, 2009; Wolska, 2012), and a detailed description of these 

methods is given in Appendix 1.1. 

 Techniques such as 16S ribosomal RNA gene sequencing (16S rRNA) and other PCR 

based methods represent a popular approach for bacterial identification (Buszewski, Rogowska, 

Pomastowski, Złoch, & Railean-Plugaru, 2017), that along with mass spectrometry-based 

technologies such as MALDI–TOF, have decreased the time taken for pathogen identification, 

reducing the probability of inadequate decisions in patient treatment (Florio, Tavanti, Barnini, 

Ghelardi, & Lupetti, 2018; Maurer, Christner, Hentschke, & Rohde, 2017). Although these 

techniques represent useful tools for identification, considerable limitations remain. In the case 

of 16S rRNA, the resolution can be limited even at the species level, (Kemp et al., 2013) and 

the presence of multiple copies of the 16S sequence in some bacterial genomes may result in 

misleading information (Chatellier et al., 2014; Kembel, Wu, Eisen, & Green, 2012; Louca, 

Doebeli, & Parfrey, 2018). The other highly popular technique, MALDI-TOF, requires a 

fingerprint of specific strains for identification and has a high cost associated with access to 

commercial reference databases (Singhal, Kumar, Kanaujia, & Virdi, 2015). The use of next-

generation sequencing (NGS) technologies has provided massive amounts of sequencing data 

and facilitated access to whole genome sequencing, although in practice the relatively high cost 

and complexities involved in the analysis of this data have proven to be a bottleneck in routine 

identification (Köser et al., 2012; Quainoo et al., 2017; Ruppitsch, 2016). The approach of 
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obtaining fragments from across the bacterial genome, using reduced-representation 

sequencing provides an alternative to overcome difficulties presented with the previously 

mentioned methods. 
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Figure 1.1 Bacterial identification and strain typing methods. 

Description: Next generation sequencing (NGS), 16S-23S rRNA gene internal transcribed spacer (ITS), Multiple locus variable number tandem repeat (VNTR) analysis 
(MLVA), Multilocus sequence typing (MLST), Amplified fragment length polymorphism (AFLP), Repetitive element palindromic PCR (Rep – PCR), Clustered regularly 
interspaced short palindromic repeats (CRISPR), PCR Restriction fragment length polymorphism (PCR RFLP), Random amplification of polymorphic DNA (RAPD), Ligation 
mediated PCR (LM – PCR), PCR melting profiles (PCR MP), Amplification of DNA surrounding Rare Restriction Sites (ADSRRS), Single strand conformational 
polymorphisms (SSCP), Base excision sequence scanning (BESS), Denaturation gradient gel electrophoresis (DDGE), High resolution melting analysis (HRM), Pulsed – field 
gel electrophoresis (PFGE), Restriction enzyme analysis of plasmid (REAP), Cleavage fragment length polymorphism (CFLP), Analytical Profile Index (API).
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1.3 Reduced-representation sequencing 

Reduced-representation sequencing encompasses a number of related techniques for obtaining 

sequence data from a small fraction of a genome, generally for the purpose of molecular marker 

discovery and genotyping (Truong et al., 2012). These techniques take advantage of the great 

increase of sequence data availability brought about by the introduction of next-generation 

sequencing (Metzker, 2010). The main techniques which fall under the category of reduced-

representation sequencing are Cornell GBS, RAD-Seq and DArTseq. The technologies all 

involve some variation of digestion with restriction enzymes to generate a set of fragments and 

sequencing a portion of these fragments. There is an increasing list of organisms for which 

reduced-representation sequencing has been used, beginning initially with crop plants and 

expanding to encompass agricultural animals, as well as wild plants and animals. A primary 

advantage of reduced-representation sequencing techniques is that they usually do not require 

previous sequence information to be available in order to generate sequencing libraries.  

1.3.1 Cornell GBS 

Cornell initially published a genotyping by sequencing method for species diversity in maize 

and barley. The technology is based on digestion with a restriction enzyme ApeKI (5’-

G|CWGC-3’) adding a barcoded adapter, followed by amplification and sequencing in an 

Illumina platform. The length of obtained fragments is 86 bp (Elshire et al., 2011). This 

technology was one of the first early adopted technologies and was further developed by others 

(Pértille et al., 2016) 

1.3.2 RADSeq 

This technology used two techniques in which DNA was digested with restriction enzymes (e.g. 

SbfI, 5’-CCTGCA|GG-3’) followed by ligation of an adapter containing an Illumina anchor to 

the fragments. These fragments were pooled and randomly sheared, followed by repair and 
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ligation of a second adapter, finally, maintaining a selection of fragments with lengths between 

300-400 bp for sequencing and analysis (Baird et al., 2008; J. L. Davey & Blaxter, 2010; Van 

Tassell et al., 2008). Eventually, double digestion was proposed to eliminate random shearing 

of DNA, reducing the cost of library preparation, by using smaller fragments that produced 

reproducible results (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). 

1.3.3 DArTseq 

DArTseq is a continuation of microarray technology called DArT, wherein a reduced-

representation genome fraction was obtained by digestion with PstI (5’-CTGCA|G-3’), in 

combination with one or more additional restriction enzymes to generate restriction fragments. 

The original DArT microarray technology scored restriction fragment polymorphisms by 

detecting the presence or absence of specific restriction fragments within the complexity 

reduced genomic representations of individual samples via microarray hybridisation (Jaccoud, 

2001; Wenzl et al., 2004). DArTseq furthered this concept to include sequencing of the 

restriction fragments and detection of the SNP variants within the genomic representations, in 

addition to scoring of restriction fragment polymorphisms in silico (Akbari et al., 2006; Georges 

et al., 2018; Kilian et al., 2012; Sansaloni et al., 2011). The advantage of reduced-

representations is that they obtain a reproducible subset of the genome, which can then be 

sequenced at a considerably lower cost than a whole genome sequence, whilst still providing a 

large amount of sequence information for identification via alignment against genome sequence 

databases (Al-Beyroutiová et al., 2016). 

 DArTSeq has been successfully applied in a wide range of plants, animals and fungi, 

for measuring genetic diversity (Baloch et al., 2017; Egea, Mérida-García, Kilian, Hernandez, 

& Dorado, 2017; Garavito, Montagnon, Guyot, & Bertrand, 2016), for plant and animal 

breeding (J. P. R. dos Santos et al., 2016; Valdisser et al., 2017) and for ecological studies 
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(Lambert, Skelly, & Ezaz, 2016). DArTseq also provides a novel approach for bacterial 

identification which is explored in this thesis. The method involves reduced-representation 

sequencing produced by digestion with a pair of restriction enzymes, followed by PCR 

amplification of a subset of restriction fragments (Ren et al., 2015).  

1.4 Bacterial systematics 

Bacterial systematics involves classification through the study of diversity and relationships 

among bacteria (Fuerst, 2007). Based on objective principles, a single system of taxonomy, was 

created to define terms such as: genera, families, divisions and kingdom, to standardise and set 

up the formal nomenclature (Moore et al., 1987).  High-throughput parallel sequencing 

(Metzker, 2010) of bacterial genomes provided the ability to reassess bacterial taxonomy, 

leading to modifications of 58% of genomes available in the Genome Taxonomy Database. As 

in previous decades, the development of novel technologies flows through to modifications in 

methods of bacterial classification, especially now that culture-independent sequencing 

technologies are established (Parks et al., 2018). A gold standard used for bacterial taxonomy 

was DNA-DNA hybridisation (DDH); however, with the increasing availability of next-

generation sequencing technologies and the continuous growth of genomic databases, the use 

of whole-genome sequences for in silico genome analysis, such as the calculation of the average 

nucleotide identity (ANI), is one of the accepted methods for bacterial taxonomy (Richter & 

Rosselló-Móra, 2009). As a strength, ANI produces matching results consistent with DNA-

DNA hybridisation (DDH), also the analysis can be performed in silico with public databases 

and may substitute DDH (Busse, Ludwig, Ka, Tindall, & Rossello, 2010). However, some 

authors disagree with the use of ANI as a taxonomic tool, as results are sometimes inconsistent 

with current bacterial taxonomy (Özen, Vesth, & Ussery, 2012). Ramasamy et al., (2014) and 

Sentausa & Fournier (2013), suggest that as there is no consensus on the use of genomic data 

in bacterial taxonomy, and argue that ANI should be used in combination with phenotypic and 
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chemotaxonomic parameters but not as a single tool (Ramasamy et al., 2014; Sentausa & 

Fournier, 2013). 

 Methods used for bacterial identification and taxonomy need to deal with the potential 

problems caused by horizontal gene transfer in bacteria, which has long been known to be a 

potential source of difficulties in building bacterial phylogenies (Young, 2001). It has been 

recognized that single gene identifications can be affected by horizontal gene transfer and have 

moved to include multiple sets of genes as a minimum requirement for accepting phylogenetic 

studies (Mousavi, Willems, Nesme, de Lajudie, & Lindström, 2015). The approach used in this 

thesis for bacterial phylogenetic analysis uses over 100 genes in a construction of a maximum 

likelihood phylogenetic tree with corresponding support values calculated in order to address 

this issue. 

1.5 Thesis outline 

This thesis has five chapters. They are classified as follows: Chapter 1 is a general introduction, 

Chapter 2 and 3 are data chapters that have been submitted for publication in a scientific journal, 

Chapter 4 is in preparation for submission, and Chapter 5 outlines a synopsis, key findings and 

future research work.  

 Chapter 1 explains the background of bacterial identification and typing methods used 

currently, in addition to exploring the background of reduced-representations as a bacterial 

identification method.  

 Chapter 2 compares reduced-representations with existing bacterial identification 

methods used for routine identification in a public Hospital in Canberra, ACT. The specific 

questions were:  

a) Can reduced-representation sequencing be used in bacterial identification and strain 

typing? 
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b) What modifications can be made in protocol and analytics to improve reduced-

representation sequencing for this application? 

c) How does reduced-representation sequencing compare with existing methods? 

 Chapter 3 assesses the use of reduced-representation sequencing for the discovery of 

thermophilic microorganisms in Australia, including a sampling trip to The Great Artesian 

Basin in South Australia. The specific question was:  

d) Can reduced-representation sequencing be used for discovery of novel microorganisms? 

Most of the bacterial isolates collected for Chapter 3 belonged to the thermophilic genera 

Anoxybacillus and Geobacillus, and these genera, plus the closely related Parageobacillus were 

used for further comparative phylogenomic analysis and discussion of the relationship between 

and delimitation of these genera. 

 Chapter 4 shows the importance of considering closely related genera together when 

studying phylogeny or assigning genomic affinities. For this chapter, a phylogenetic analysis 

and comparative genomic study of Anoxybacillus, Geobacillus and Parageobacillus were 

performed by calculating the Average Nucleotide Identity (ANI) and Average Amino acid 

Identity (AAI) metrics between a set of all available high-quality genome assemblies, followed 

by construction of UPGMA dendrograms. Additionally, a maximum likelihood tree was built 

from alignment of a set of orthologous core genes derived from the available genomes. In this 

chapter, two validly described genomes of Geobacillus have been reassessed as belonging to 

the genus Parageobacillus and a new genus (Quasigeobacillus gen nov) has been proposed to 

hold a subset of Anoxybacillus genomes which form a distinct clade.  Additionally, the 

taxonomic placement of the seven genomes derived from the study of thermophilic bacteria in 

Australia from Chapter 3 is included.  
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 Finally, Chapter 5 provides a synopsis for the thesis, drawing together the main results 

and observations to be considered for future research. 

 Some Chapters of this thesis are presented as independent publications, and therefore 

may contain portions which are repeated in other Chapters. 
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ABSTRACT 

Bacterial identification methods used in routine identification of pathogens in medical 

microbiology include a combination approach of biochemical tests, mass spectrometry or 

molecular biology techniques. Extensive publicly available databases of DNA sequence data 

from pathogenic bacteria have been amassed in recent years; this provides an opportunity for 

using bacterial genome sequencing for identification purposes. Whole genome sequencing is 

increasing in popularity, although at present it remains a relatively expensive approach to 

bacterial identification and typing. Complexity-reduced bacterial genome sequencing provides 

an alternative. We evaluate genomic complexity-reduction using restriction enzymes and 

sequencing to identify bacterial isolates. A total of 165 bacterial isolates from hospital patients 

in the Australian Capital Territory, between 2013 and 2015 were used in this study. They were 

identified and typed by the Microbiology Department of Canberra Public Hospital and 

represented 14 bacterial species. DNA extractions from these samples were processed using a 

combination of the restriction enzymes PstI with MseI, PstI with HpaII and MseII with HpaII. 

The resulting sequences (length 30–69 bp) were aligned against publicly available bacterial 

genome and plasmid sequences. Results of the alignment were processed using a bioinformatics 

pipeline developed for this project, Currito3.1 DNA Fragment Analysis Software. All 165 

samples were correctly identified to genus and species by each of the three combinations of 

restriction enzymes. A further 35 samples typed to the level of strain identified and compared 

for consistency with MLST typing data and in silico MLST data derived from the nearest 

sequenced candidate reference. The high level of agreement between bacterial identification 

using complexity-reduced genome sequencing and standard hospital identifications indicating 

that this new approach is a viable alternative for identification of bacterial isolates derived from 

pathology specimens. The effectiveness of species identification and in particular, strain typing, 
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depends on access to a comprehensive and taxonomically accurate bacterial genome sequence 

database containing relevant bacterial species and strains. 

2.1 Introduction 

Methods for accurate bacterial identification are critical for medical diagnosis and treatment of 

infectious diseases. Traditional identification based on the study of phenotypic characteristics 

or biochemical testing provide an inexpensive option. However, phenotypic similarities 

between bacterial strains may lead to incorrect diagnosis (Buszewski et al., 2017). In the last 

decade, sequencing techniques such as 16S ribosomal RNA gene sequencing (16S rRNA) and 

other PCR methods have provided novel approaches for bacterial identification The use of mass 

spectrometry technologies, such as matrix assisted laser desorption ionization-time of flight 

mass spectrometry (MALDI–TOF), have decreased the time taken for pathogen identification, 

reducing the probability of inadequate decisions in patient treatment (Florio et al., 2018; Maurer 

et al., 2017). Although these techniques are useful tools for identification, their resolution may 

be limited or biased. For example, multiple copies of the 16S rRNA gene in bacterial genomes 

can cause results to be misleading (Kembel et al., 2012; Louca et al., 2018). MALDI-TOF is 

considered to be useful in the clinical context due to low cost and rapid turnaround time. Some 

limitations exist however, and MALDI-TOF presents complications with identification of 

bacterial isolates of Salmonella and Shigella (Wattal et al., 2017), and routine use of MALDI-

TOF for bacterial identification sometimes produces unexpected results that are difficult to 

interpret, requiring further testing for clarification (Van Belkum et al., 2017).  The reference 

databases used for identification with MALDI-TOF may present limitations for uncommon 

organisms, and laboratory or even instrument-specific references have been used (Williams et 

al., 2003). Whole genome sequencing (WGS) for routine identification is a step forward in 

accurate diagnosis of bacterial disease, but its application in bacterial identification is cost-

effective only in limited scenarios, and it also has a long turnaround time, making it unsuitable 
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for routine clinical use. The general absence of expertise and software tools to transform WGS 

data into diagnostic results is a further limitation (Köser et al., 2012; Quainoo et al., 2017). 

Existing options for bacterial identification vary in resolution, from that of 16S rRNA 

sequencing and MALDI-TOF to high-resolution whole genome sequencing, but there are few 

options between these extremes. DArTSeq, a genotyping by sequencing (GBS) method, 

promises to fill this gap. It has been successfully applied to a wide range of plants, animals and 

fungi for measuring genetic diversity (Baloch et al., 2017; Egea et al., 2017; Garavito et al., 

2016), in breeding trials of plants and animals (dos Santos et al., 2016; Valdisser et al., 2017), 

in ecological studies (Lambert et al., 2016), and in studies of phylogenetic relationships 

(Georges et al., 2018). The method has been seldom used in bacterial studies, yet it has the 

potential to deliver a novel and cost-effective approach for bacterial identification. The 

DArTSeq method involves sequencing complexity-reduced genomic representations produced 

by digestion with a pair of restriction enzymes, followed by PCR amplification of a subset of 

restriction fragments (Ren et al., 2015). The advantage of complexity-reduced genomic 

representations is that they obtain a reproducible subset of the genome, which can then be 

sequenced at a considerably lower cost than a whole genome, whilst still providing a large 

amount of sequence information for identification via alignment against genome sequence 

databases (Al-Beyroutiová et al., 2016).  

Here we compare DArTseq complexity-reduced genotyping by sequencing with 

established methods for bacterial identification in a public hospital in Australia. We show that 

DArTseq can provide an alternative to traditional methods for obtaining high resolution DNA 

sequence-based results for bacterial identification and strain typing at a lower cost than whole 

genome sequencing. A bioinformatics pipeline, Currito3.1 DNA Fragment Analysis Software, 

was developed to automate the data analysis. Automation enables time-savings, facilitates 

reproducibility and reduces the probability of human mistakes. The final report produced by 
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the analytical pipeline indicates the closest identified bacterial reference sequence including 

genus, species and in some cases, strain typing information. 

2.2 Materials and methods 

2.2.1 Bacterial strains 

Bacterial isolates (n=165) were provided by the Microbiology Department of Canberra Public 

Hospital, Australia from mainly clinical patient specimens (n=150) and environmental samples 

(n=15).  All isolates were cultured and identified using standard clinical laboratory techniques, 

with identification confirmed by MALDI-TOF (Bruker Daltonics, Leipzig, Germany). These 

identification results were considered as a standard against which the experimental results were 

compared. There were 76 Gram negative isolates from a culture collection of carbapenem 

resistant Enterobacteriales (Citrobacter amalonaticus, Citrobacter freundii, Enterobacter 

aerogenes, Enterobacter cloacae complex, Escherichia coli, Providencia rettgeri, Hafnia alvei, 

Klebsiella oxytoca, Klebsiella pneumoniae, Morganella morganii and Serratia marcescens) 

isolated from patient clinical and surveillance specimens and environmental specimens between 

2009 and 2015 (Table S1).  The presence of the carbapenemase genotype was confirmed by 

commercial nucleic acid amplification techniques (Xpert Carba-R, Cepheid, Sunnyvale, CA, 

USA or CRE, AusDiagnostics, Mascot, NSW, Australia).  Eighty-nine Gram positive isolates 

(Enterococcus faecium and Enterococcus faecalis clinical and surveillance specimens and 

Staphylococcus aureus blood culture isolates) from 2013 to 2015 were also included.  All 

isolates were stored in glycerol at -80°C within the Microbiology Department, until the time of 

the study, at which stage they were thawed and inoculated onto Horse Blood Agar (HBA) 

Columbia, then incubated at 35.5±0.5°C for 24 hours prior to DNA extraction.  

 DNA extractions were performed on all bacterial cultures using a chloroform-isoamyl 

alcohol method (Green and Sambrook, 2017).  This method was selected as a safety measure, 
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because commercial DNA extraction kits may not inactivate spores of some pathogenic 

bacterial strains (Dauphin et al., 2009; Panning et al., 2007). The protocol used is a modified 

and simplified version from Moore et al. (2008). Samples of isolated bacterial colonies were 

taken with a bacteriological loop and suspended into 1.5 mL sterile tubes containing a lysis mix 

made with 467 µL EB Buffer (10 mM Tris-Cl, pH 8.5), 30 µL 10% SDS, 2 µL RNAse A (10 

μg/μL) and 3 µL Proteinase K (20 mg/ml). Tubes were incubated for 1 hr at 35.5±0.5°C.  

Subsequently, an equal volume of chloroform-isoamyl alcohol solution (24:1) was added into 

each tube, and mixed 40 times by inversion. Tubes were centrifuged at 15,000 g for 20 min. 

The supernatant (approx. 200 µL to 400 µL) was transferred into 2 ml sterile tubes containing 

700 µL of isopropanol 99.5% and mixed forty times by inversion. Tubes were centrifuged at 

15,000 g for 20 min. The supernatant was discarded carefully without removing the pellet, then, 

700 µL of freshly prepared ethanol 70% v/v was added and mixed by vortex. Tubes were 

centrifuged at 15,000 g for 20 min; the supernatant was discarded, and tubes were placed in a 

desiccator to remove the remaining ethanol. Tubes were frequently inspected to avoid excessive 

dryness of pellets. Finally, a volume between 30 to 200 µL EB Buffer was added to dissolve 

the pellet. Volumes added varied according to the size of the pellet. DNA quality and 

concentrations were determined by 0.8% agarose gel electrophoresis. DNA extractions showing 

a high molecular weight band in the gel were considered successful. DNA extractions that 

showed degradation were repeated by regrowing bacterial cultures and performing DNA 

extraction 24 h after inoculation. Samples that presented residues and heavily concentrated 

DNA bands were purified using a 96-well plate Zymo ® DNA clean and concentrate kit SKU 

D4017 (Integrated Sciences, Chatswood, NSW, Australia). All samples were assigned into 96-

well skirted PCR plates and stored at -20°C. 
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2.2.2 Library preparation and sequencing 

Complexity-reduced genotyping was applied to all bacterial isolates. The restriction enzymes 

PstI (5’-CTGCA|G-3’), MseI (5’-TTA|A-3’) and HpaII (5’-CCG|G-3’) were used in 

combination: PstI with MseI, PstI with HpaII and MseI with HpaII. The three combinations 

were tested in identification of all bacterial isolates, and for strain typing in a selected subset. 

The choice of restriction enzymes used for complexity reduction impacts the size and 

composition of the genomic fraction obtained. The number of bases in the recognition sites of 

the enzymes primarily determines the fragment quantity, and the base composition and GC 

balance impacts the spread and location of restriction fragments obtained. The enzyme PstI is 

a primary factor in limiting the representation size because of its six base recognition sequence, 

in comparison to MseI and HpaII with four base recognition sites. Complexity-reduction 

methods used in DArTSeq for eukaryotic genomes are generally based around PstI and a second 

enzyme. The two initial complexity reduction methods PstI with HpaII and PstI with MseI were 

chosen to provide GC or AT rich alternatives with different fragment set selections. A third 

complexity-reduction method based on MseI as the primary enzyme was developed by 

designing additional oligo-nucleotide barcode adapter sequences. 

 To evaluate the complexity-reduction process, genomic DNA of Escherichia coli O157 

(EDL 933) IRMM449 Sigma-Aldrich (Castle Hill, NSW, Australia) certified reference 

standard, GenBank accession number AE005174.2 (Agarwala et al., 2018), genome size of 

5,639,399 bp (Perna et al., 2001), was also processed using the same three restriction enzyme 

combinations. 

 Library construction methods followed the procedure described in Ren et al. (2017), but 

differing in the choice of restriction enzymes. Briefly, digestions were performed with the 

selected pairs of restriction enzymes and PCR adapters were ligated. Two adapters were used, 
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one corresponding to each restriction enzyme. The adapter design included Illumina flow-cell 

specific sequences required for bridge PCR in cluster generation, as well as a barcode region to 

enable sample multiplexing. The adapters were designed such that only fragments with 

differing restriction sites at each end were capable of cluster generation (Ren et al., 2015). Equal 

volumes of PCR products were pooled together, purified with a QIAGEN QIAquick PCR 

Purification Kit Cat No./ID: 28106 (QIAGEN, Chatstone, Victoria, Australia) and added into 

sequencing lanes. The bacterial libraries can be ‘spiked’ on top of other multiplexed GBS 

libraries, representing only a small portion of the total sequencing flowcell capacity, since only 

approximately 100,000 - 150,000 reads per sample were required. Clustering was done 

according to Illumina protocols using a HiSeq SR Cluster Kit V4 recipe v9.0 and HiSeq SR 

Flow Cell v4 (Illumina Inc., San Diego, CA, US). For sequencing, the Flow Cell was loaded 

according to the Illumina protocols on a HiSeq 2500 sequencer, using HiSeq SBS kit v4 for a 

total of 77 cycles (Georges et al., 2018). 

 Technical replicate assays were performed on 11 samples: 6 samples of E. faecium, 4 

samples of S. aureus and the single E. coli certified reference. Technical replicate assays were 

performed twice for all samples except the E. coli reference, which was assayed with six 

technical replicates for each enzyme combination. Separate processing was carried out for the 

technical replicates starting from genomic DNA, with independent library construction, 

sequencing, and data analysis. 

2.2.3 Data analysis 

Raw data obtained from the sequencer in the form of fastQ files was demultiplexed to produce 

one fastQ file for each sample assayed. The reads were filtered according to Phred scores 

(Ewing et al., 2005), with a higher stringency applied to the barcode region of the sequence 

read to ensure correct demultiplexing, following the methods described in Georges et al., 
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(2018). Subsequently, the barcode region was removed from the reads, leaving 69 bp sequences. 

Each fastQ file was condensed into a fastQcol file which contained each unique sequence 

present in the original fastQ file, along with the respective read counts and the mean quality 

score at each base (Ren et al., 2015).  

 As a first stage for running the analytical pipeline, the set of fastQcol files for all samples 

to be analysed was grouped into a single tabular data file which contained all unique sequences 

present across the complete sample set, along with the read counts for these sequences across 

all samples. Each unique sequence was also represented by a SeqIndex providing a unique 

identifier. The reverse adapters which were present on sequences derived from fragments 

shorter than 69 bp were identified and trimmed, resulting in sequences of variable length. 

Sequences which were less than 30 bp were removed, as they are less suitable for BLAST 

alignment.   

 To process the data, we developed a bioinformatic analytical pipeline, Currito3.1 DNA 

Fragment Analysis Software, which we describe here. The pipeline was developed to process 

the DNA sequence tags obtained from complexity reduced genotyping, in order to identify the 

bacterial isolates to genus and species level and select the closest matching strain from amongst 

a bacterial genome sequence database. Currito3.1 uses as input complexity-reduced genotyping 

data in the format described above, proceeding first with a BLAST alignment (McGinnis and 

Madden, 2004) of the sample sequences against all complete bacterial genome assemblies and 

plasmids in the NCBI nt collection database (Agarwala et al., 2018) to identify the best 

candidate bacterial genomes for each sample. The following BLAST parameters were used: 

word size 12, bitscore 50, evalue 0.000001, percentage identity 80%, percentage query cover 

80%. Candidates are identified according to the number of sequence tags obtaining a best or 

equal best BLAST hit to each reference, as measured by bit score. After identifying candidate 

genomes, the sequences derived from each sample are used to BLAST against the top three 
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closest identified genomes individually. The individual BLAST against each candidate 

reference genome is computationally less intensive than the global BLAST against the full 

sequence database, allowing the BLAST parameters to be better optimised for short sequence 

queries (word size 10). The output produced by the pipeline describes the results obtained from 

the BLAST of all sequences from a sample against each candidate reference genome, including 

the following values: sample name, sample ID, subject accession, subject title, subject sequence 

length, sum of aligned sequence lengths, number of alignment positions, coverage length, 

coverage percentage, mean percentage identity, maximum percentage identity, minimum 

percentage identity, mean of gap length, maximum gap length, number of gaps, sum of gaps, 

number of overlaps, sum of overlaps, number of zero length gaps, nucleotide sequence distance 

(NSD), number of alignments for each of the top three candidates, size of the intersection 

between the top three candidates, size of the union between top three candidates, and Nei and 

Li distance (Nei and Li, 1979) between the candidates. Additionally, the analysis provides the 

total number of sequences derived from the sample with and without hits to each candidate 

reference, and those which did not obtain BLAST hits to the reference but gave a BLAST hit 

for a plasmid are included for comparison. The Currito3.1 pipeline uses the NSD to determine 

the best matching candidate for each sample.  The NSD calculation is: 

𝑁𝑆𝐷 =  − 
3

4
 ln [1 − 

4

3
(

𝑆

𝐼 + 𝑆
)] [1 − 

𝐺

𝑇
] +  

𝐺

𝑇
 

 NSD is a DNA sequence distance measurement which considers the number of identical 

nucleotides (I), substitutions (S) and gap openings (G) across all aligned sequences (Dams et 

al., 1987; Huysmans E, 1986; Jukes and Cantor, 1969; Van de Peer et al., 1990), and the sum 

of these three variables (T) to produce a global distance value (Van de Peer et al., 1990). Lower 

NSD values in samples are associated with closer relatedness to the reference genome. 
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 Although the analytical pipeline is designed for use with isolated bacterial strains, in 

some instances more than a single organism may be present in a sample. To test for this, the 

relationship between the top candidate reference genomes is described by calculating the Nei 

and Li distance (Nei and Li, 1979) derived from the proportion of sequences with BLAST hits 

in common between the candidate references. When the presence of more than a single species 

is indicated, the identity and alignment statistics for the additional organisms are considered. 

 The output of the analytical pipeline provides the identity of the selected candidate 

reference genome with the lowest NSD value, and also includes a number of descriptive plots 

providing results for the top three candidates identified from the first stage BLAST analysis  

such as: a) circular genome alignment plots indicating the size of the reference genome, position 

of fragments aligned and percentage identity of each fragment alignment; b) Bar plots to show 

the total number of sequences obtained, the total number of sequences with and without BLAST 

hits to each candidate reference or BLAST hits to plasmids; c) histograms for BLAST %Identity 

values.  

 Examples of figures generated in the report output by Currito3.1 DNA Fragment 

Analysis Software for a single sample of S. aureus processed using the MseI with HpaII 

complexity reduction method are shown. Sequence tags with BLAST alignments to the 

candidate reference genomes were plotted using Circos (Krzywinski et al., 2009) as displayed 

in Figure 2.1. For this sample, most of the sequences obtained for the best candidate (labelled 

as ‘best candidate’) have a BLAST alignment %identity above 95% and there are no large gaps 

between aligned fragments. A histogram of the distribution of BLAST alignment %identity 

values for each of the candidates is shown in Figure 2.2. Additionally, the total number of 

sequences with and without BLAST alignments against the selected top candidate reference, 

and those with BLAST hits to a plasmid sequence but not to the candidate reference, is shown 

in Figure 2.3. 
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Description: Shown here are the circular alignment plots of a single sample of S. aureus using the MseI with HpaII 
method and indicates BLAST alignment positions of sequence fragments obtained, for the top three candidate 
references (a, b c).  The outer black circle represents the candidate reference genome with size indicated in 
megabases (Mb). The middle blue circle shows aligned sequenced fragments obtained by complexity reduced 
genotyping. The inner green / red circle shows the percentage identity of the alignments. Values below 95% are 
red, values equal to 95% are green. 

Figure 2.1 Extract of report generated by bioinformatics pipeline Currito3.1 DNA Fragment Analysis 
Software. 
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Figure 2.2 Extract of report (histogram). 

Description: Histogram showing BLAST alignment %identity of all BLAST alignments against the candidate 
references, where the X axis shows the BLAST alignment %identity and the Y axis shows the number of aligned 
sequences.  

 

Figure 2.3 Extract of report (Bar plot). 

Description: Bar plot showing total sequences with and without BLAST alignments against the selected best 
candidate reference, and those with BLAST hits to a plasmid sequence but not to the candidate reference. The X 
axis shows the sequence classification. The Y axis shows the total number of sequences.  
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2.2.4 Strain typing 

Reduced representation genotyping provides coverage of the genome up to 10%, which 

potentially enables some sequence-based strain typing information to be derived from the 

sequences, however in practice, this level of coverage would be insufficient to reliably capture 

allele-specific information from targeted loci. Existing widely used typing schemes such as core 

gene MLST rely on highly targeted sequence information which will only be partially 

represented in reduced representation sequence data. More recently, whole genome sequence 

data has been used to derive typing information such as MLST profiles in silico (Schürch et al., 

2018). Potentially, reduced representation sequence data can be used indirectly to infer in silico 

typing information when a fully matching bacterial strain is found in the bacterial genome 

sequence database (Lüth et al., 2018). To test this, in silico MLST profiles were produced from 

the best matching candidate reference genome for each sample, and then compared with the 

MLST typing data produced directly from the isolates by standard PCR methods. The publicly 

available software package MLST2.0 (Larsen et al., 2012), which uses bacterial genome 

sequence data, in conjunction with MLST profile databases, was integrated into the Currito3.1 

analytical pipeline to perform this task, adding to the final report the MLST type and alleles 

obtained for each sample.   

2.3 Results  

2.3.1 Comparison of complexity-reduction methods 

The complexity-reduction enzyme combination of MseI with HpaII produced the highest 

average genome coverage of 4.78% and the highest average number of obtained complexity-

reduced fragments. The other enzyme combinations showed an average genome coverage of 

2.48% for PstI with HpaII and 2.25% for PstI with MseI. The percentage of successful 
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identification, average genome coverage and number of sequence fragments are shown in Table 

2.1. For all enzyme combinations, all samples could be identified to species level. 

 

Table 2.1 Results of identification up to genus, species and genome coverage per complexity-reduction 
method tested for all bacterial isolates. 

  
PstI-HpaII 

 
PstI-MseI 

 
MseI-HpaII 

Genus level % ID 
 

100.00% 
 

100.00% 
 

100.00% 

Species level % ID 
 

100.00% 
 

100.00% 
 

100.00% 

Average of % genome coverage 
 

2.48% 
 

2.25% 
 

4.78% 

Average number of restriction fragments per method 
 

1944 
 

1430 
 

4092 

 

Despite the differing number of fragments, all three enzyme combinations identified correctly 

the bacterial isolates at the genus and species level (Table 2.2). There is a high level of 

agreement among results obtained for the three enzyme combinations, which in many cases 

identified the same strain from among the reference genome assemblies as the closest matching 

candidate (Table 2.2).  

2.3.2 Technical replication and E. coli certified reference 

The results of the 11 samples performed with technical replication showed complete agreement 

for identification to the genus and species level, giving 100% repeatability for the identification 

assay.    

Identification results obtained from the genomic DNA of E. coli O157 (EDL 933) 

IRMM449 Sigma-Aldrich certified reference (Perna et al., 2001) showed a 100% match for 

genus, species and strain level for all methods. Among 6 technical replicates, the enzyme pair 

MseI with HpaII  
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Table 2.2 Detailed tally of identification success up to genus and species level for three complexity reduction 
methods. 

 
PstI-HpaII PstI-MseI MseI-HpaII 

Species name Number of 
samples 

Samples 
identified to 
species level 

Samples 
identified to 
species level 

Samples identified 
to species level 

Enterococcus faecium 59 59 59 59 

Staphylococcus aureus 29 29 29 29 

Enterobacter cloacae complex 17 17 17 17 

Citrobacter freundii 16 16 16 16 

Klebsiella pneumoniae 15 15 15 15 

Klebsiella oxytoca 12 12 12 12 

Enterobacter asburiae 5 5 5 5 

Escherichia coli 4 4 4 4 

Morganella morganii 2 2 2 2 

Citrobacter amalonaticus 1 1 1 1 

Enterobacter aerogenes 1 1 1 1 

Enterococcus faecalis 1 1 1 1 

Hafnia alvei 1 1 1 1 

Providencia rettgeri 1 1 1 1 

Serratia marcescens 1 1 1 1 

TOTAL 165 165 165 165 

 

showed an average genome coverage of 10.41% and an average of total sequences obtained of 

more than 10,000 fragments. The BLAST alignment %Identity and NSD values obtained 

against the E. coli O157 (EDL 933) genome sequence provide a benchmark for the amount of 

sequence error in the assay results. For example, the average NSD values showed less than 1 

bp of difference per 10,000 bp of sequence fragments obtained for the PstI with HpaII enzyme 
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combination. The results obtained for each method using the DNA of E. coli O157 (EDL 933) 

are shown in Table 2.3. A circular plot providing the alignment locations of sequence tags from 

the MseI with HpaII enzyme combination against E. coli O157 (EDL 933) is shown in Figure 

2.4. 

2.3.3 Strain typing 

A total of 35 samples of the species C. freundii, K. pneumoniae and E. coli were examined for 

consistency between the standard MLST typing data and in silico MLST data produced from 

the nearest sequenced candidate references. Results of this comparison showed that in silico 

derived MLST data was accurate when a matching strain was present in the genome reference  

 

Table 2.3 Results of identification up to genus, species and genome coverage for E. coli O157 (EDL 933) 
IRMM449 Sigma-Aldrich certified reference (Perna et al., 2001), for six technical replicates. 

  
PstI-HpaII 

 
PstI-MseI 

 
MseI-HpaII 

% genus level ID 
 

100.00% 
 

100.00% 
 

100.00% 

% species level ID 
 

100.00% 
 

100.00% 
 

100.00% 

Average of % genome coverage 
 

2.64% 
 

2.34% 
 

10.41% 

BLAST alignment % ID  99.9915%  99.9974%  99.9846% 

% of sequence tags in common between replicates  99.09%  99.73%  98.84% 

Average number of restriction fragments 
 

2433 
 

1836 
 

10602 

Average NSD  0.000103  0.000040  0.000136 
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Figure 2.4 Circular plot showing restriction fragments obtained for the method MseI with HpaII against 
the certified reference model genome. 

Description: a) Total length of 5.6 Mb of the reference genome E. coli O157 (EDL 933) IRMM449 Sigma-Aldrich 
(Perna et al., 2001). b) Position of fragments obtained for complexity-reduction method MseI with HpaII. c) 
Percentage identity of alignments in comparison to the reference. Green indicates a percentage identity above 95% 
and red indicates percentage identity below 95%. 

 

database, as indicated by the NSD value (Table 2.4). For the PstI with MseI enzyme 

combination, NSD values associated with correctly matching MLST profiles were <= 

0.000241, and <= 0.000384, for C. freundii and K. pneumoniae respectively. Values below 

NSD thresholds resulted in accurate MLST prediction (Table 2.4). Correctly matching MLST 

allele profiles were obtained in all four samples of E. coli tested. The results confirm that 

accurate in silico MLST prediction can be achieved when the genome sequence database 

contains a matching strain. The distribution of NSD values for samples of C. freundii and K. 

pneumoniae with matching and non-matching in silico MLST profiles for three complexity-

reduction enzyme combinations is shown in Figure 2.5.  
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Table 2.4 Comparison of MLST typing with in silico derived MLST, considering the average NSD obtained for each complexity-reduced method. 
   

PstI-HpaII 
 

 
PstI-MseI 

 

 
MseI-HpaII 

 
Species name Number of 

samples tested 
Samples 

correctly typed 
Avg NSD of 

correctly typed 
samples 

 
Samples 
correctly 

typed 

Avg NSD of 
correctly typed 

samples 

 
Samples 
correctly 

typed 

Avg NSD of correctly 
typed samples 

C. freundii 16 
 

3 0.000217 
 

3 0.000241 
 

3 0.000459 

K. pneumoniae 15 
 

5 0.000263 
 

5 0.000384 
 

5 0.000346 

E. coli 4 
 

4 0.001511 
 

4 0.001642 
 

4 0.000822 

TOTAL 35 
 

12 
  

12 
  

12 
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2.4 Discussion 

The bacterial identification from the complexity-reduced genome sequencing used in this study 

agreed to species level with the identifications performed by the Microbiology Department of 

Canberra Public Hospital for all isolates, indicating that this approach is a viable alternative for 

identification of bacterial isolates derived from pathology specimens.  Improvements can be 

made in establishing a comprehensive and taxonomically accurate bacterial genome sequence 

database containing relevant bacterial strains. Were such a resource available, we believe that 

the complexity-reduced genome sequencing would also be effective in typing at the level of 

strain. 

Figure 2.5 Matching and non-matching MLST profiles for C. freundii and K. pneumoniae. 

Description: The values of Nucleotide Sequence Distance (NSD) for best candidate reference assemblies is shown 
for 15 samples of K. pneumoniae and 16 samples of C. freundii, for three complexity reduction methods. All 
samples were correctly identified to the species level. NSD values for samples with correctly matching in silico 
MLST profiles are represented by triangles. 
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Standardisation and curation of taxonomic information is essential for reliable sample 

identification. For this study, genome assemblies lacking species level taxonomic declarations 

were disregarded. Correct and consistent species level identification of samples belonging to 

certain species complexes within the Enterobacteriales required the recognition of species 

synonyms and potential inconsistency in species assignments amongst the genome accessions 

present in the NCBI nt collection sequence database. It is widely recognized that the taxonomy 

of strains belonging to the E. cloacae species complex contains a high level of confusion and 

synonymous species naming. The identification results for samples from the E. cloacae complex 

were considered correct if the best candidate was among the six species known to be part of the 

complex: Enterobacter cloacae, Enterobacter asburiae, Enterobacter hormaechei, 

Enterobacter kobei, Enterobacter ludwigii and Enterobacter nimipressuralis (Mezzatesta et al., 

2012). The genus Klebsiella also presents taxonomic complexities. Identification of Klebsiella 

quasipneumoniae and Klebsiella variicola remains a challenge in general, and phenotypic 

methods, biochemical tests or mass spectrometry are unable to differentiate these species 

accurately (Fonseca et al., 2017). For identification purposes, K. quasipneumoniae (Arena et 

al., 2015) is considered a synonym of the opportunistic pathogen K. pneumoniae. Enterobacter 

aerogenes is considered as a synonym of K. aerogenes (Iyer et al., 2017). Similarly, K. 

michiganensis is considered synonym of K. oxytoca (Dantur et al., 2018, 2015; Saha et al., 

2013). 

In the study, some samples were found to contain more than one bacterial species and 

were not pure strain isolates. This could be detected by the presence of taxonomically distinct 

bacteria within the genome assemblies indicated as candidate matches. This was measured by 

applying the Nei and Li (1979) distance to determine the relative proportion of aligned 

sequences in common for each candidate, where a low proportion of sequences in common 

between candidates is indicative of a likely non-clonal culture. When presence of multiple 
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organisms in a sample is indicated, each organism is considered separately. In this study, seven 

samples were seen to contain two identifiable bacterial species (Appendix 2.2). The reason for 

the presence of more than a single organism in these cultures could not be determined in this 

study, although one possible explanation is contamination of the isolates. For example, all 

isolates were initially identified and stored at -80°C, and subsequently regrown for this study. 

The presence of a second organism in these cultures may be caused by contamination 

introduced at storage or regrowth of the isolates. Owing to the time elapsed between the initial 

isolation and identification, and subsequent regrowth, it was not possible to perform new 

isolations from the original samples. For the purpose of determining successful identification 

rates, the presence of the expected species within the sample was considered a correct 

identification, in spite of a potentially contaminating species being present.  

The comparison of MLST data with in silico derived MLST data for C. freundii, K. 

pneumoniae and E. coli was accurate in those instances where a matching strain was present in 

the genome reference database, as indicated by the NSD value. The threshold NSD values 

associated with accurate in silico MLST profiling differed for each of the species. Values below 

the observed NSD thresholds for each species resulted in accurate MLST prediction for C. 

freundii and K. pneumoniae. In the case of E. coli, the NSD threshold value could not be 

identified as the in silico MLST profiles matched the standard profile in all samples tested. The 

results confirm that accurate in silico MLST prediction can be achieved from complexity 

reduced genotyping results. 

For any identification or typing technology, turnaround time is an important 

consideration for clinical use. The components of the assay can be broken down as follows, 

DNA extraction, library preparation, DNA sequencing, primary data analysis, and secondary 

data analysis. In the current study, DNA extractions were performed manually, however, 

automated extraction protocols and systems for use with bacterial isolates are available (Bird et 



  Chapter 2 

43 
 

al., 2018), with DNA extraction taking approximately 1 hour. Library preparation time for the 

assay was approximately 4 hours. Sequencing was performed on an Illumina HiSeq 2500, 

although the use of an Illumina MiSeq sequencer would offer faster turnaround time, with an 

expected run time of 6 hours for the current assay (Quick et al., 2015). Primary sequence data 

analysis involves the conversion of raw sequencer output into quality filtered FastQ files, 

followed by demultiplexing, requiring approximately 1 hour to process the MiSeq run data. 

Lastly, the secondary data analysis, performed using the Currito3.1 pipeline, requires 2 hours 

to process the results for 96 samples to completion. The total turnaround time of 14 hours cannot 

match the speed of standard benchtop microbiological tests and MALDI-TOF but would be 

comparable or better than other sequence-based techniques, offering the higher resolution 

afforded by DNA sequence-based methods. The DNA barcoding system allows for 

multiplexing of up to 2,300 samples into a single sequencing lane. For a HiSeq 2500 v4 

sequencer, with each of the 8 lanes producing approximately 220 million reads, up to 1,465 

samples could be multiplexed per lane at the read depths used in this study. Conversely, for a 

MiSeq v3 producing approximately 25 million reads per flow-cell, up to 165 samples could be 

processed per run. The cost per sample including library preparation and sequencing would be 

expected to be 7 dollars (USD). This technology would be particularly well suited for use in 

outbreak management and infection control programs as a cost-effective alternative to whole 

genome sequencing. 

2.5 Conclusion 

Complexity-reduced genotyping by is a viable alternative for identification of bacterial isolates 

derived from pathology specimens. The three restriction enzyme pairs PstI with MseI, PstI with 

HpaII and MseI with HpaII tested for this project agreed with all of the identifications 

performed by the hospital pathology department using standardised methods. In comparison 

with the other complexity reduction combinations, the MseI with HpaII method yielded the 
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expected higher number of restriction fragments and provided greater genome coverage. In 

spite of the differences in the number and composition of restriction fragments, the three 

methods identified all samples correctly. The methods also gave the same results when tested 

for strain typing via in silico MLST profiling. Owing to the differences in the number of 

sequence tags produced, the subsequent genome alignment coverage differed approximately 

two-fold between the PstI and MseI based methods. This difference in coverage did not impact 

identification and typing results for the samples used in this study. When using bacterial 

sequence information for identification and particularly strain typing, the question arises of 

where to draw distance thresholds for determining clonality and what level of sequence 

dissimilarity is meaningful in the context of providing clinical results. It is clear that these 

questions need to be answered on a per species basis at least and will require careful 

consideration of clinical phenotypic and genotypic information together. These issues are faced 

by all of the sequence based bacterial identification technologies whether using core gene 

sequences, whole genome sequences or complexity-reduced genome sequences (Schürch et al., 

2018).  The use of a comprehensive bacterial genome database, which has been curated for 

taxonomic accuracy is a key to use of this technology. The NCBI nt collection database 

provided a large and readily available source of genome sequences for testing the use of 

DArTseq in bacterial identification and typing. Routine use of complexity-reduced genome 

sequence data to identify and type bacterial isolates will require the development of a properly 

curated database, excluding problems caused by taxonomic errors and ambiguities. A curated 

database of this type is being developed for use with sequence-based identification of food 

borne pathogens, with international co-operation for the establishment of a data-sharing 

framework (Lüth et al., 2018). The Pathosystems Resource Integration Center (PATRIC) is 

another example, which provides a growing database of genomic information, linked to 

phenotypic data such as anti-microbial resistance (Wattam et al., 2017). Continuing 
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improvements in the size and scope of the available genome databases is on-going. The 

inclusion of genome sequences from strains of local origin would help to improve the chances 

of finding an exact match and deriving typing information. 
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ABSTRACT 

This study demonstrates the use of reduced-representation genotyping to provide preliminary 

identifications for thermophilic bacterial isolates. The approach combines restriction enzyme 

digestion and PCR amplification with next-generation sequencing to provide thousands of 

short-read sequences from across the bacterial genomes. Bacterial isolates were obtained from 

compost, domestic hot water systems, and artesian bores of the Great Artesian Basin. Using a 

commercial provider, Diversity Arrays Technology Pty Ltd (Canberra, Australia), genomic 

DNA from these isolates was double-digested with two combinations of restriction enzymes 

and the resulting fragments, which formed a reduced-representation of the genome, were 

sequenced. The sequence tags obtained were aligned against RefSeq genome assemblies by 

BLAST to identify the nearest reference genome. The analysis was automated using a custom 

bioinformatic pipeline, Currito3.1 DNA Fragment Analysis Software, which was developed for 

this purpose. A total of 99 samples were isolated and identified to species, from which 8 samples 

were selected for whole-genome sequencing. Identification using reduced-representation 

sequencing agreed completely with the identifications provided by whole-genome sequencing. 

Novel species were discovered within this set of bacterial isolates. The growing database of 

available bacterial genome sequences provides an excellent resource for alignment of reduced-

representation sequence data for identification purposes, and as the available sequenced 

genomes continue to grow, the technique will become more effective. 

3.1 Introduction 

Thermophiles continue to generate interest owing to their ability to thrive at high temperatures 

(Kumar et al., 2018). The classic environments in which thermophilic microorganisms occur 

are primarily geothermal in nature (Mehta & Satyanarayana, 2013). The Great Artesian Basin 

in South Australia has the temperature and chemical properties which are suitable for 

thermophiles (Byers, Stackebrandt, Hayward, & Blackall, 1998; Kimura et al., 2005; Wynter 
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et al., 1996). Specifically, there are bores in this region with water temperatures of 90°C or 

more (Habermehl, 1999; Habermehl & Pestov, 2002), some of them with open, running bore 

drains known to contain communities of thermophilic microorganisms (Ogg, Spanevello, & 

Patel, 2013).Bores in this area also have a range of chemical profiles (Habermehl, 1986, 1999; 

Mahara et al., 2009) that provide appropriate conditions to generate greater microbial diversity. 

Thermophilic bacteria of interest are also found in other environments such as compost (Finore 

et al., 2017; Poli, Laezza, Gul-Guven, Orlando, & Nicolaus, 2011; Strom, 1985) and hot water 

systems (Bagh, Albrechtsen, Arvin, & Ovesen, 2004; Brock & Boylen, 1973).  

Here we aim to discover thermophilic bacteria from isolates derived from sampling 

locations across Australia. We studied a novel application of reduced-representation 

sequencing, to identify 99 bacterial isolates from a variety of thermal sources. Our method used 

DArTseqTM (Kilian et al., 2012) one of several available methods for generating representative 

sequences from the genome. It uses restriction enzyme digestion followed by PCR and Illumina 

short-read sequencing to amplify and sequence thousands of restriction fragments as genomic 

representations. DArTseq has been successfully used for a broad range of applications, for 

breeding of plants and animals (dos Santos et al., 2016; Valdisser et al., 2017) for assessment 

of genetic diversity (Baloch et al., 2017; Egea, Mérida-García, Kilian, Hernandez, & Dorado, 

2017; Garavito, Montagnon, Guyot, & Bertrand, 2016) and for ecological genetics (Georges et 

al., 2018; Lambert, Skelly, & Ezaz, 2016). 

3.2 Materials and methods 

3.2.1 Sampling 

 Hot water systems. Water samples were collected from nine domestic hot water systems 

with at least five years of operation in the region of the ACT, Australia. A volume of 1.5 L was 

collected into sterile containers, temperature was recorded, and bottles were transported without 
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refrigeration. Within 48 hr of collection, the water samples were filtered with sterile membranes 

of 0.20 µm pore size (Nalgene™ Rapid-Flow™, PES Membrane Cat. No. 6.302 336, type 565, 

ThermoFisher Scientific, Australia), connected to a portable vacuum pump, to capture any 

bacteria present. 

 Commercial composts. Samples were collected from seven commercial composts 

available in the region of the ACT, Australia. The composts were made from various 

combinations of animal manure and plant matter. Samples taken from bagged compost were 

placed in 50 ml sterile falcon tubes and transferred to the laboratory for inoculation within 48 

hr. 

 Artesian bores in the Great Artesian Basin, South Australia. A total of 10 water samples 

were collected from the tap at the bore head into sterile bottles from selected bore locations on 

the Birdsville Track, South Australia (Figure 3.1). A volume of 1.5 L was taken, temperature 

was recorded, and water samples were filtered to collect any bacteria present, using the same 

method described above for hot water systems. Additional sediment samples were collected 

from each of the bore drains at various distances from the bore head along the temperature 

gradient, especially where colonies of microorganism were visible. These were collected into 

50 ml sterile falcon tubes. Photographs of sampling locations are shown in Appendix 3.6. 

3.2.2 Medium composition and cultivation  

Four types of solid culture media were prepared using two different nutrient recipes and a series 

of pH values. The first nutrient recipe contained LB medium, and was prepared by dissolving 

20 g Lb Broth (Sigma-Aldrich L3022) and 5 g GelzanTM CM Gelrite® (G1910 Sigma-Aldrich) 

in 900 ml of miliQ water, then topping up with miliQ water to 1000 ml. Culture media were 

adjusted using solutions of NaOH 1N and HCl 1N, for final pH values of 5.0, 6.8 and 8.0.   
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Figure 3.1 Sampling locations of 11 water-bores of the Great Artesian Basin showing groundwater 
temperatures derived from Habermehl & Pestov (2002). 

Description: Inset map shows larger position of larger map within Australia. 

 

The second nutrient recipe combined 1.0 g L-1 yeast extract, 1.0 g L-1 tryptone, with a 

basal medium containing 1.3 g (NH4)2SO4, 0.47g K2HPO4
.3H2O, 0.25g MgSO4

.7H2O. 0.07g 

CaCl2 and 1 ml of trace element solution (Kristjansson, Ingason & Alfredsson 1985). This was 

prepared by dissolving all components with 5 g GelzanTM CM Gelrite® in 900 ml of miliQ 

water, then topping up with miliQ water to 1000 ml and adjusting pH using solutions of NaOH 

1N and HCl 1N, for final pH values of 6.0. 



  Chapter 3 
 

58 
 

Bacterial growth was observed within a range of time from 48-72 hr. Individual colonies 

identified were isolated by at least three passages of subculturing from single cell derived 

colonies. 

3.2.3 DNA extractions, library preparation and sequencing 

DNA extractions were performed for all bacterial isolates using the chloroform-isoamyl alcohol 

method (Moore, Arnscheidt, Krüger, Strömpl, & Mau, 2004). Library preparation was done 

following the DArTseqTM methods, in which the DNA was digested with pairs of restriction 

enzymes, in this case, PstI with HpaII and PstI with MseI respectively, and PCR adapters were 

ligated to the fragments for amplification (Georges et al., 2018). Libraries from both methods 

were combined and samples were pooled for sequencing on a HiSeq 2500 sequencer, using 

HiSeq SBS kit v4 for a total of 77 cycles. 

A control sample was also sequenced, using the genomic DNA of Eschericha coli O157 

(EDL 933) IRMM449 Sigma-Aldrich certified reference standard, GenBank (Clark, Karsch-

Mizrachi, Lipman, Ostell, & Sayers, 2016) accession number AE005174.2 (Perna et al., 2001). 

This control sample was processed for library construction, sequencing and analysis using 

methods identical to those used for all other samples. 

3.2.4 Data analysis 

Sequence data in the form of FastQ files was demultiplexed according to the assigned barcode 

sequences, to produce one FastQ file for each sample. The DArTseq primary data processing 

pipeline condenses the individual FastQ files into ‘fastQcol’ files, which contain each unique 

sequence present in the original FastQ file, along with the respective read counts and the mean 

quality score at each base (Georges et al., 2018; Ren et al., 2015). Trimmed sequences with a 

length of less than 30 bp were removed, as they are less suitable for BLAST (McGinnis & 

Madden, 2004) alignment.  
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Data for each of the complexity reduction methods was processed with the analytical 

pipeline Currito3.1 DNA Fragment Analysis Software, which we developed specifically for 

analysing reduced-representation sequences from bacteria. Currito3.1 uses the sequences in the 

format described above as input. The pipeline output describes the results obtained from the 

BLAST (McGinnis & Madden, 2004) alignment against the identified candidate reference 

genomes. The report produced includes genome coverage percentage, mean percentage 

identity, nucleotide sequence distance (NSD). Additionally, the total number of sequences 

derived from the sample with and without hits to each candidate reference, and those which did 

not obtain BLAST hits to the reference but gave a BLAST hit for a plasmid are included for 

comparison. The Currito3.1 pipeline uses the NSD calculation, shown in the following equation 

to determine the best matching candidate genome for each sample. 

𝑁𝑆𝐷 =  − 
3

4
 ln [1 − 

4

3
(

𝑆

𝐼 + 𝑆
)] [1 − 

𝐺

𝑇
] +  

𝐺

𝑇
 

NSD is a DNA sequence distance measurement considering identities (I), substitutions 

(S) and gap openings (G) across all aligned sequences to produce a global distance value (Van 

de Peer, Neefs & De Wachter 1990). Closer relatedness to a reference genome is associated 

with lower NSD values. The Currito3.1 pipeline report provides the identity and distance of the 

closest genome assembly for each of the samples assayed. 

3.2.5 Confirmation of strain identification results by whole-genome sequencing 

To test the identifications obtained from analysis of the reduced-representation sequences, we 

selected a subset of samples for whole-genome sequencing. On the basis of the identification 

results obtained with the Currito3.1 pipeline, eight samples were assigned into three groups, A, 

B, or C for whole-genome sequencing. All samples were identified as belonging to either 

Anoxybacillus, Geobacillus or Brevibacillus. Group A contained two samples showing high 
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similarity to existing sequenced genomes, with mean BLAST percentage identity values above 

99.00%. Group B consisted of five samples with a moderate level of relatedness to their nearest 

identified genome assemblies, showing mean BLAST percentage identity values of between 

98.00 – 98.99%. Group C contained one sample identified as being more distantly related to 

any of the sequenced genome assemblies, with a mean BLAST percentage identity value of 

94.13 when aligned against the closest sequenced genome. The samples in the 3 groups spanned 

a range of similarity values with respect to their nearest sequenced genomes, from conspecific, 

through to possible new species. Producing draft genome assemblies for these samples provided 

the opportunity to test the accuracy and resolution of the identification and similarity estimates 

produced from the analysis of the reduced-representation sequences. 

The whole-genome sequencing service was provided by MicrobesNG, IMI – School of 

Biosciences, University of Birmingham, United Kingdom. Libraries for whole-genome 

sequencing were prepared with the Nextera XT Library Prep Kit (Illumina, San Diego, USA), 

then quantified with the Microlab STAR automated liquid handling system.  

The draft genome assemblies were assessed using the software tool Kraken (Wood & 

Salzberg, 2014) which utilises DNA sequence K-mer alignments to determine taxonomic 

affinities. The Kraken results placed all samples within the same genera reported by the 

Currito3.1 analytical pipeline.  

The draft genome assemblies were then aligned against all available Anoxybacillus, 

Geobacillus and Brevibacillus, totalling 31, 72 and 63 genome assemblies respectively, from 

GenBank up to December 2018. For alignment of the whole-genome assemblies, the software 

progressive Mauve (Darling, Mau &Perna 2010) was used. Progressive Mauve can perform 

comparative genome alignment of two or more genomes, identifying and aligning conserved 

genomic regions. Progressive Mauve identifies locally colinear blocks (LCBs), which are 
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blocks of unbroken sequence homology between genomes. The progressive Mauve algorithm 

uses an iterative process to identify and refine the boundaries of LCBs identified between 

genomes. Progressive Mauve alignment is able to recognize homologous regions in the 

presence of multiple complex rearrangements and provides a valuable tool for analysis of 

sequence homology between species and strains (Darling, Mau, Blattner, & Perna, 2004; 

Darling, Mau, & Perna, 2010). Similarity profile values, corresponding to the average level of 

nucleotide sequence conservation within regions of local alignment, are calculated by 

progressive Mauve to be inversely proportional to the average alignment column entropy within 

the region (Darling, Mau & Perna 2010).  To determine a pairwise similarity value between 

genomes, each of the eight genome assemblies was aligned against the complete set of available 

Anoxybacillus, Geobacillus and Brevibacillus assemblies in a pairwise manner. The mean 

similarity profile value from each progressive Mauve pairwise alignment was calculated. These 

values provide a comparative measure of the similarity of each pair of genomes, averaged over 

all aligned sequence regions between the genome pair. 

For each draft genome, the pairwise alignment which resulted in the highest mean 

similarity profile value was considered the closest matching genome. The identifications 

obtained in this way were used to test the accuracy of the identifications obtained using reduced-

representation sequencing. In addition to the genome alignments, the complete 16S rRNA gene 

CDS sequence was also used to identify the closest genome assembly. The 16S rRNA gene 

sequences were obtained from the draft genome assemblies using the annotation produced by 

Prokka 1.11(Seemann, 2014). The 16S rRNA gene sequences were aligned by BLASTn against 

each of the Anoxybacillus, Geobacillus and Brevibacillus genome assemblies in order to find 

the best or equal best matches for the 16S rRNA gene, along with percentage identity values. 
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3.3 Results  

3.3.1 Identification and in-silico analysis of E. coli O157 (EDL 933) IRMM449 certified 

reference standard 

The assays performed as a control experiment on the reference standard genomic DNA of E. 

Coli O157 (EDL 933) IRMM449 (Perna et al., 2001) with 6 technical replicates for each 

combination of restriction enzymes, produced correct identification results for all assays at the 

species and strain level using the Currito3.1 pipeline. The mean genome coverage obtained for 

each method was 2.64% for PstI with HpaII and 2.34% for PstI with MseI. The mean BLAST 

percentage alignment values obtained against the genome sequence of E. Coli O157 (EDL 933) 

IRMM449, were 99.9915% and 99.9974%, respectively. The average number of restriction 

fragments obtained in the sequence output for each method was 2433 and 1836 fragments, 

respectively. Finally, the average NSD value obtained for each method was 0.000103 and 

0.000040 respectively. For the PstI with HpaII enzyme combination, the average NSD values 

showed less than 1 bp of difference per 10,000 bp aligned. 

3.3.2 Growth results 

A total of 99 bacterial isolates were obtained from 27 different sampling sources. Microbial 

growth results of 99 samples isolated from hot water systems, commercial composts, artesian 

bore water and bore drains are shown in Table 3.1.  

3.3.3 Species identification 

Results obtained from analysis of the reduced-representation sequences using Currito3.1 DNA 

Fragment Analysis Software provided preliminary identification and similarity information for 

all samples. An example of the report produced by Currito3.1 DNA Fragment Analysis 

Software for the sample MMMud_3_LB_pH8 is shown in Figure 3.2. The full list of 
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identification results of samples obtained from hot water systems, commercial composts, 

artesian bore water and bore drains are shown in Table 3.2. Colonies containing different 

morphologies within a single plate were isolated and given suffix a, b, c, and d, in some cases 

these isolates may be duplicates.   

A total of 16 bacterial isolates were collected from nine domestic hot water systems.  

Temperatures at which samples were collected ranged between 60°C to 84°C. All samples from 

domestic hot water systems were identified as belonging to the genus Geobacillus, and 

specifically, there were 11 strains identified as most closely related to Geobacillus lituanicus, 

three strains related to Geobacillus sp. MAS1 T260 and two strains with Geobacillus sp. 8 as 

closest match. A total of 15 bacterial isolates were obtained from seven commercial garden 

compost sources. The composting temperatures were not recorded, although the range of 

temperatures occurring during the high-temperature phase of the composting process has been 

reported as between 40°C to 78°C (Fujio & Kume, 1991). All samples derived from compost 

were identified as belonging to the genus Geobacillus. Specifically, eight strains were identified 

as most closely related to Geobacillus thermodenitrificans; five strains were matched to 

Geobacillus galactosidasius; one strain was related to Geobacillus thermoleovorans and one 

strain had Geobacillus sp. 8 as the closest match. 

A total of 18 bacterial isolates were obtained from filtered water samples of artesian 

bores in The Great Artesian Basin. The range of temperatures at which the water samples were 

collected was between 34°C to 98°C. The pH values ranged between 7.2 to 8.5. From the total, 

15 bore samples belonged to the genus Anoxybacillus and three samples belonged to the genus 

Geobacillus.  
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Figure 3.2 Extract of report generated by bioinformatics pipeline Currito3.1 DNA Fragment Analyser for 
sample MMMud_3_LB_ph8.  

Description: This image shows the first candidate closest match to the sample. The circular plot shows the BLAST 
alignment position against the reference genome. The outer black circle represents the candidate reference genome 
with size indicated in megabases (Mb); the middle blue circle shows aligned sequenced fragments obtained by 
complexity-reduced genotyping and the Inner green / red circle shows the percentage identity of the alignments, 
in which values below 95% are red and values equal or above 95% are green. The bar plots show the sequences 
obtained with and without BLAST alignments against the best reference, in which the X axis shows the sequences 
classification of sequences with and without hits to a reference or plasmid and the Y axis shows the total number 
of sequences. The histogram shows the percentage identity of BLAST alignments against the candidate reference, 
where the X axis shows the BLAST alignment percentage identity highest to lowest and the Y axis has the number 
of aligned sequences. 
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Table 3.1 Microbial growth for water and mud samples from hot water systems, commercial compost and the Great Artesian Basin. Incubation temperature was 
62.5°C. Culture media: LB broth agar (pH5, pH6.8, pH8) and PBT pH 6.0. 

      
LB Broth 

 
PBT 

 

Location Source T (°C) pH Sample name pH 5.0 pH 6.8 pH 8.0 pH 6.0 No. Bacterial 
isolates 

Domestic hot water 
systems 

         

 
water 60°C nd DPS1 nd (+) (A), (+) (B) nd nd 2 

 
water 61.1°C nd DPS2 nd (+) (A), (+) (B) nd nd 2 

 
water 62.6°C nd DPS3 nd (+) nd nd 1 

 
water 62.6°C nd DPS4 nd (+) (A), (+) (B) nd nd 2 

 
water 79.6°C nd DPS5 nd (+) (A), (+) (B), (+) 

(C) 
nd nd 3 

 
water 57°C nd DPS6 nd (+) (A), (+) (B), (+) 

(C) 
nd nd 3 

 
water 57.6°C nd DPS7 nd (-) nd nd 

 

 
water 84°C nd HTR nd (++) nd nd 1 

 
water 60°C nd DHW nd (+) (A), (+) (B) nd nd 2 

          

Commercial 
compost 

         

 
soil nd nd DMW nd (+) nd nd 1 

 
soil nd nd MPCC nd (+) nd nd 1 
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soil nd nd NFOSA nd (+) (A), (+) (B), (+) 

(C) 
nd nd 3 

 
soil nd nd MMBA nd (+) (A), (+) (B) nd nd 2 

 
soil nd nd MFBB nd (+) (A), (+) (B), (+) 

(C), (+) (D) 
nd nd 4 

 
soil nd nd MPCB nd (+) nd nd 1 

 
soil nd nd CBSP nd (+) (A), (+) (B), (+) 

(C) 
nd nd 3 

          

Birdsville water 98˚C * nd Birdsville Bore nd (+) (+) (-) 2 
 

bore drain 98˚C * nd Birdsville mud nd (+) (A), (+) (B) (+) (+) (A), (+) (B), (+) 
(C) 

6 

          

Clifton hills water 80˚C 8.0 Chi (-) (-) (+) (A) (-) 1 
 

bore drain 80˚C nd CHMUD (+) (++) (++) (A), (++) 
(B) 

(++) 4 

          

Mount Gason water 80˚C 8.0 MtGfil nd (+) (A), (+) (B) (+) (A) (+) (A) 4 
 

bore drain 80˚C nd Mt. GODS/Mt. GMUD (+) (A), (+) 
(B) 

(+) (A), (+) (B), (+) 
(C), (+) (D), (+) (E), 
(+) (F), (+) (G) 

(+) (A), (+) (B), 
(+) (C ), 

(+) # 

          

Mirra Mita water 79˚C 8.0 MMfil nd (+) (-) (-) 1 
 

bore drain 79˚C nd MMMUD1 (-) (+) (-) (+) 2 
 

bore drain 68˚C nd MMMUD2 (++) (++) (-) (-) 2 
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bore drain 74˚C nd MMMUD3 (-) (++) (+) (A) (+) 3 

 
bore drain 62˚C nd MMMUD4 (-) (+) (A), (+) (B) (+) (A), (+) (B) (+) 5 

 
bore drain 66˚C nd MMMUD5 (-) (+) (A), (+) (B) (-) (-) 2 

 
bore drain 50˚C nd MMMUD6 (-) (+) (A), (+) (B) (-) (-) 2 

 
bore drain 39˚C nd MMMUD7 (-) (++) (-) (-) 1 

 
bore drain 74˚C nd MMMUD8 (+) (-) (-) (-) 1 

          

Mungerannie 
station 

water 78˚C 7.2 Mgnhotfil/MgnCCG (+) (+) (+) (-) 3 

 
bore drain 60˚C nd MCWH (-) (+) (A), (+) (B) (-) (-) 2 

          

Mulka soil 38˚C nd MR (-) (+) (A) (+) (A) (-) 2 
          

          

Kopperamanna water 60 ˚C 8.5 Efil (-) (+) (A), (+) (B) (-) (++) 3 
 

soil 38˚C nd ECO3 (-) (-) (-) (++) 1 
          

Etadunna station water 77.9 ˚C. 8.5 Kanufil nd (+) (-) (-) 1 
          

          

Dulkaninna water 47.8˚C 8.5 Dulfil nd (+)(+) (-) (-) 1 
          

          

Clayton station water 34˚C 8.5 Clfil nd (+) (A), (+) (B) (-) (-) 2 
 

bore drain 34˚C nd CLB (-) (+) (-) (-) 1 
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Lake Harry water 46˚C 8.5 LHfil nd (-) (-) (-) 
 

 
bore drain 46˚C nd LHMUD (-) (+) (A), (+) (B) (-) (+) 3 

Total bacterial 
isolates 

        
99 

nd = not determined; (-) = no growth was observed; (+) = growth was observed; (++) = strong growth was observed; (A), (B), (C) name assigned if more than one microorganism was 
observed. (*) Based on published temperature (Habermehl & Pestov 2002). 
 

 

Table 3.2 Bacterial identification sequencing results for hot water systems, commercial compost and the Great Artesian Basin showing nearest matches based on 
average BLAST alignment of complexity-reduced genotyping fragments. Average BLAST percentage identity. Average BLAST percentage identity and nucleotide 
sequence distance values to best matches are shown. 

Source Sample name Closest match Average 
%identity 

Nucleotide sequence 
distance 

Domestic hot water 
systems 

    

 
DHWa Geobacillus sp. 8 NODE_1 99.27 0.00446 

 
DHWb Geobacillus sp. 8 NODE_1 98.84 0.00719 

     

 
DSP1a Geobacillus lituanicus strain N-3 98.18 0.01177 

 
DPS1b Geobacillus lituanicus strain N-3 98.11 0.01174 

     

 
DSP2a Geobacillus lituanicus strain N-3 98.58 0.00838 

 
DSP2b Geobacillus lituanicus strain N-3 98.58 0.00855 

     

 
DSP3 Geobacillus lituanicus strain N-3 98.61 0.00837 
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DSP4a Geobacillus lituanicus strain N-3 98.55 0.00871 

 
DSP4b Geobacillus lituanicus strain N-3 98.6 0.00849 

     

 
DSP5a Geobacillus lituanicus strain N-3 98.29 0.01041 

 
DSP5b Geobacillus lituanicus strain N-3 98.33 0.01023 

 
DPS5c Geobacillus lituanicus strain N-3 98.35 0.01006 

     

 
DSP6a Geobacillus lituanicus strain N-3 98.51 0.00876 

 
DSP6b Geobacillus sp. MAS1 T260 98.37 0.00982 

 
DSP6c Geobacillus sp. MAS1 T260 98.35 0.00993 

     

 
HTR Geobacillus sp. MAS1 T260 98.29 0.01025 

     

Commercial 
compost 

    

 
DMW1 Geobacillus thermoleovorans strain ID-1 99.66 0.00189 

     

 
CBSPa Geobacillus thermodenitrificans strain G11MC16 99.39 0.00345 

 
CBSPb Geobacillus thermodenitrificans strain G11MC16 99.84 0.00099 

 
CBSPc Geobacillus thermodenitrificans strain G11MC16 99.83 0.00105 

     

 
MFBBa Geobacillus galactosidasius strain DSM 18751 98.97 0.00648 

 
MFBBb Geobacillus thermodenitrificans strain T12 99.59 0.00248 

 
MFBBc Geobacillus thermodenitrificans strain JSC_T9a 99.66 0.00212 
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MFBBd Geobacillus galactosidasius strain DSM 18751 98.65 0.00804 

     

 
MMBAa Geobacillus galactosidasius strain DSM 18751 99 0.00671 

 
MMBAb Geobacillus galactosidasius strain DSM 18751 98.92 0.00674 

     

 
MPCB Geobacillus thermodenitrificans strain T12 99.58 0.00254 

     

 
MPCC Geobacillus thermodenitrificans strain G11MC16 99.56 0.00267 

     

 
NFOSA1 Geobacillus thermodenitrificans strain G11MC16 99.83 0.00106 

 
NFOSA2 Geobacillus sp. 8 98.69 0.00809 

 
NFOSA3 Geobacillus galactosidasius strain DSM 18751 98.85 0.00725 

Birdsville 
    

 
B_fil_LB_pH6.8_a Anoxybacillus ayderensis strain AB04 98.42 0.00937 

 
B_fil_LB_pH6.8_b Anoxybacillus ayderensis strain AB04 98.33 0.00985 

 
B_mud_LB_pH6.8_a Anoxybacillus suryakundensis strain DSM 27374 94.92 0.02571 

 
B_mud_LB_pH6.8_b Anoxybacillus suryakundensis strain DSM 27374 94.96 0.02496 

 
B_mud_LB_pH8 Geobacillus vulcani PSS1 N685 99.4 0.00389 

 
B_mud_PBT_pH6.0_a Anoxybacillus gonensis strain G2 96.97 0.01787 

 
B_mud_PBT_pH6.0_b Geobacillus sp. 8 98.6 0.00858 

 
B_mud_PBT_pH6.0_c Anoxybacillus kamchatkensis strain G10 97.78 0.01344 

Clifton hills 
    

 
CHfil_LB_pH8 Anoxybacillus flavithermus AK1 99.08 0.00577 
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CHMud_LB_pH5 Anoxybacillus sp. 103 98.33 0.00964 

 
CHMud_LB_pH6.8 Geobacillus sp. 46C-IIa scaffold_0 98.53 0.01127 

 
CHMud_LB_pH8 Anoxybacillus sp. 103 98.43 0.00903 

 
CHMud_PBT_pH6.0 Anoxybacillus sp. BCO1 LR68_ 98.19 0.0106 

Mount Gason 
    

 
MtGfil_LB_pH6.8_a Anoxybacillus ayderensis strain AB04 98.42 0.00951 

 
MtGfil_LB_pH6.8_b Anoxybacillus sp. BCO1 LR68_ 95.49 0.02693 

 
MtGfil_LB_pH8 Anoxybacillus ayderensis strain AB04 98.21 0.01065 

 
MtGfil_PBT_pH6.0 Anoxybacillus kamchatkensis strain G10 94.89 0.02937 

 
Mt_GMud_LB_pH5 Anoxybacillus flavithermus AK1 seq_num_001 97.39 0.0157 

 
Mt_GMud_LB_pH6.8_a Anoxybacillus sp. BCO1 LR68_ 97.89 0.01101 

 
Mt_GMud_LB_pH6.8_b Anoxybacillus kamchatkensis strain G10 99.34 0.00434 

 
Mt_GMud_LB_pH6.8_c Anoxybacillus flavithermus AK1 seq_num_001 99.06 0.00561 

 
Mt_GMud_LB_pH8 Anoxybacillus kamchatkensis strain G10 99.37 0.00424 

 
Mt_GMud_PBT_pH6.0 Anoxybacillus ayderensis strain AB04 96.6 0.02055 

 
Mt_GODS_LB_pH5 Geobacillus thermoleovorans strain ID-1 99.01 0.006 

 
Mt_GODS_LB_pH6.8_a Anoxybacillus ayderensis strain AB04 98.41 0.00921 

 
Mt_GODSa_LB_pH6.8_b Geobacillus thermoleovorans strain ID-1 97.18 0.01851 

 
Mt_GODSb_LB_pH6.8_c Anoxybacillus ayderensis strain AB04 98.36 0.00918 

 
Mt_GODSc_LB_pH6.8_d Anoxybacillus ayderensis strain AB04 98.31 0.00937 

 
Mt_GODSc_LB_pH8_a Anoxybacillus kamchatkensis strain G10 96.52 0.02288 

 
Mt_GODSa_LB_pH8_b Anoxybacillus ayderensis strain AB04 98.25 0.00969 
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Mirra Mita 
    

 
MMfil_LB_25/11/15 Anoxybacillus flavithermus AK1 98.1 0.01448 

 
MMMud_1_LB_pH6.8 Geobacillus subterraneus PSS2 N671 98.15 0.01108 

 
MMMud_1_PBT_pH6.0 Geobacillus sp. MAS1 T260 97.74 0.01651 

 
MMMud_2_LB_pH5 Geobacillus subterraneus PSS2 N671 96.1 0.02497 

 
MMMud_2_LB_pH6.8 Anoxybacillus kamchatkensis strain G10 94.41 0.03313 

 
MMMud_3_LB_pH6.8 Geobacillus subterraneus PSS2 N671 98.06 0.01171 

 
MMMud_3_LB_pH8 Geobacillus subterraneus PSS2 N671 98.14 0.01122 

 
MMMud_3_PBT_pH6.0 Geobacillus jurassicus NBRC 107829 99.05 0.00721 

 
MMMud_4_LB_pH6.8_a Anoxybacillus gonensis strain G2 99.26 0.005 

 
MMMud_4_LB_pH6.8_b Anoxybacillus gonensis strain G2 AG-1 99.65 0.00358 

 
MMMud_4_LB_pH8_a Anoxybacillus gonensis strain G2 AG-1 99.49 0.00417 

 
MMMud_4_LB_pH8_b Anoxybacillus ayderensis strain AB04 98.41 0.00908 

 
MMMud_4_PBT_pH6.0 Geobacillus subterraneus PSS2 N671 98.1 0.01148 

 
MMMud_5_LB_pH6.8_a Geobacillus thermoleovorans strain ID-1 99.6 0.00221 

 
MMMud_5_LB_pH6.8_b Geobacillus sp. 8 NODE_1 99.29 0.00443 

 
MMMud_6_LB_pH6.8_a Geobacillus thermoleovorans strain ID-1 99.25 0.00438 

 
MMMud_6_LB_pH6.8_b Geobacillus  kaustophilus strain Et7/4 LG52 85.43 0.09046 

 
MMMud_7_LB_pH5 Geobacillus thermoleovorans strain ID-1 95.9 0.02818 

 
MMMud_8_LB_pH5 Geobacillus vulcani PSS1 N685 97.59 0.01704 

Mungerannie station 
    

 
MgnHotfil_LB_pH6.8 Geobacillus vulcani PSS1 N685 99.4 0.00403 
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Mgn_CCG_LB_pH5 Anoxybacillus gonensis strain G2 AG-1 95.6 0.025 

 
Mgn_CCG_LB_pH8 Anoxybacillus flavithermus AK1 98.93 0.00522 

 
MCWH_LB_pH6.8 Anoxybacillus flavithermus AK1 99.04 0.00473 

 
MCWH_LB_pH8 Brevibacillus thermoruber PM1 N690 94.13 0.06061 

Mulka 
    

 
MR_LB_pH6.8 Geobacillus kaustophilus GBlys 99.86 0.001 

 
MR_LB_pH8 Geobacillus thermodenitrificans strain OS27 99.64 0.00212 

Kopperamanna 
    

 
Efil_LB_pH6.8_a Anoxybacillus ayderensis strain AB04 98.4 0.00959 

 
Efil_LB_pH6.8_b Geobacillus thermoleovorans strain ID-1 95.82 0.0261 

 
Efil_PBT_pH6.0 Anoxybacillus kamchatkensis strain G10 94.9 0.02852 

 
ECO3_PBT_pH6.0 Geobacillus thermoleovorans strain KCTC 3570 98.08 0.01121 

Etadunna station 
    

 
Kanufil_LB_pH6.8 Geobacillus vulcani PSS1 N685 99.39 0.00394 

Dulkaninna 
    

 
Dufil_LB_pH6.8 Anoxybacillus kamchatkensis strain G10 94.92 0.02867 

Clayton station 
    

 
Clfil_LB_pH6.8 Anoxybacillus ayderensis strain AB04 98.43 0.00933 

 
Clfil_LB_pH6.8 Anoxybacillus ayderensis strain AB04 94.36 0.0324 

 
CLB_LB_pH6.8 Anoxybacillus sp. BCO1 LR68_ 97.34 0.01678 

Lake Harry 
    

 
LH_Mud_LB_pH6.8_a Anoxybacillus gonensis strain G2 AG-1 99.57 0.00379 
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LH_Mud_LB_pH6.8_b Geobacillus jurassicus NBRC 107829 98.34 0.01092 

 
LH_Mud_PBT_pH6.0 Geobacillus thermoleovorans strain ID-1 99.04 0.00608 
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Specifically, seven bore samples were found to be most closely matched to 

Anoxybacillus ayderensis; three samples were related to Anoxybacillus flavithermus; three 

samples were matched to Anoxybacillus kamchatkensis; one sample was related to 

Anoxybacillus gonensis; one sample was related to Anoxybacillus sp. BCO1 LR68; one sample 

was matched to Geobacillus thermoleovorans and two samples showed Geobacillus vulcani as 

the closest match. 

A total of 50 bacterial isolates were obtained from artesian bore drains in the Great 

Artesian Basin. Artesian bore drain sediments produced the greatest diversity of strains in this 

study. The temperatures at which sediment was collected ranged between 34°C to 98°C. From 

the total, 26 bore drain samples belonged the genus Anoxybacillus, 23 samples belonged to the 

genus Geobacillus and one sample belonged to the genus Brevibacillus. 

Specifically, six bore drain samples were most closely related to Anoxybacillus 

ayderensis; three samples were found to be most closely related to Anoxybacillus flavithermus; 

five samples were related to Anoxybacillus gonensis; five samples were related to Anoxybacillus 

kamchatkensis; three samples were related to Anoxybacillus sp. BCO1; two samples were 

related to Anoxybacillus sp. 103 and two samples were related to Anoxybacillus suryakundensis. 

For the genus Geobacillus, seven samples were found to be most closely related to Geobacillus 

thermoleovorans; five samples were related to Geobacillus subterraneus; two samples were 

related to Geobacillus sp.; two samples were related to Geobacillus jurassicus; two samples 

were related to Geobacillus vulcani; one sample was related to Geobacillus sp. MAS1; one 

sample was related to Geobacillus sp. 46C-IIa; one sample was related to Geobacillus 

kaustophilus GBlys, one sample was related to Geobacillus kaustophilus Et7/4 LG52, one 

sample was related to Geobacillus thermodenitrificans, and one sample was related to 

Brevibacillus formosus strain NF2. 
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3.3.4 Whole-genome sequencing 

The eight genome assemblies were chosen to form three groups, A, B and C, based on the 

similarity to the nearest sequenced reference, as determined by the reduced-representation 

sequence analysis. Group A included isolates for which the identifications showed high 

similarity to existing sequenced genomes. Group B included isolates with moderate level of 

relatedness to their nearest identified genome assemblies, representing potential new strains, 

and group C contained isolates more distantly related to any of the sequenced genome 

assemblies, representing potential new species. The assembly statistics for the draft genomes of 

the eight bacterial isolates are shown in Table 3.3. The identification results obtained from 

progressiveMauve alignment of the eight draft genomes were compared with those derived from 

the reduced-representation sequence tags, and with the identifications based on 16S rRNA gene 

sequence alignments. These results are shown in Table 3.4. 

3.4 Discussion 

The results showed a complete agreement of the progressive Mauve whole-genome 

identifications and those obtained from the reduced-representation sequence alignments for all 

eight samples. In each case the same species was identified as the closest match, and in seven 

of eight cases, the same assembly was identified.  For the sample MCWH_LP_pH8 the two 

methods identified different assemblies of Brevibacillus thermoruber. In all eight cases the 

progressive Mauve whole-genome identifications and the reduced-representation sequence 

results identified a single closest matching candidate assembly. In contrast, the identification 

results from the 16S rRNA gene sequences sometimes identified multiple closest matching 

assemblies of equal bitscore and percentage identity. The identification results produced from 

16S rRNA gene alignment did not always agree with the results from the progressive Mauve 
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Table 3.3 Whole-genome sequencing statistics and nearest relative based on progressive MAUVE (Darling et al. 2004; Darling, Mau &Perna 2010). 

Group Sample name GenBank accession Reads contigs Largest contig Total length N50 GC (%) Nearest relative based on MAUVE 

A MR_LB_pH8 SDLB00000000 3,295,260 153 166,175 3,592,399 61,995 48.89 Geobacillus thermodenitrificans strain KCTC3902 
 

B_mud_LB_pH8 SDLA00000000 275,247 60 765,875 3,434,851 188,577 52.02 Geobacillus vulcani PSS1 
          

B NFOSA3 SDLE00000000 2,067,951 111 273,724 3,334,687 72,143 42.13 Geobacillus galactosidasius strain DSM 18751 
 

DSP4a SDLD00000000 885,071 188 271,123 3,273,238 58,160 52.32 Geobacillus lituanicus strain N-3 
 

CHMud_LB_pH8 SDLG00000000 636,456 67 226,012 2,712,590 137,053 41.81 Anoxybacillus sp. 103 
 

Efil_LB_pH6.8 SDLH00000000 777,211 53 596,376 2,794,302 321,229 41.90 Anoxybacillus ayderensis strain AB04 
 

MMMud_3_LB_pH8 SDLC00000000 1,174,246 1,196 233,455 4,372,943 60,623 55.27 Geobacillus subterraneus PSS2 
          

C MCWH_LB_pH8 SDLF00000000 1,349,927 124 345,578 3,934,072 177,957 56.20 Anoxybacillus flavithermus strain B4168 
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Table 3.4 Comparison of bacterial identification methods showing percentage identity for complexity-reduced genotyping based on BLAST alignment; whole-genome 
sequencing best matches using progressiveMauve (Darling et al. 2004; Darling, Mau &Perna 2010) alignment tool; and the best matches obtained with 16S rRNA 
gene alignment, including multiple results per sample with equal highest bitscore and percentage identity.  

Group 
 

Sample name Complexity-reduced 
genotyping best match 

% ID Whole genome 
sequencing best match 

result 

Mauve mean 
similarity 

profile value 

16S rRNA in silico best match result % ID 

A MR_LB_pH8 Geobacillus 
thermodenitrificans strain 

OS27 

99.64 Geobacillus 
thermodenitrificans 

strain KCTC3902 

13618.31 Geobacillus thermodenitrificans strain 
KCTC3902 

100.00 

      
Geobacillus sp. 

PA-3 GEPA3 

100.00 

      
Geobacillus thermodenitrificans 

NG80-2 
100.00 

        
 

B_mud_LB_pH8 Geobacillus vulcani 

PSS1 

99.40 Geobacillus vulcani 

PSS1 

12550.22 Geobacillus vulcani 

PSS1 

100.00 

      
Geobacillus sp. 

FW23 

100.00 

        

B NFOSA3 Geobacillus 
galactosidasius strain 

DSM 18751 

98.85 Geobacillus 
galactosidasius strain 

DSM 18751 

8003.04 Geobacillus galactosidasius strain 
DSM 18751 

100.00 

      
Geobacillus sp. 99.92 
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44C 
      

Geobacillus sp. 

WCH70 

99.76 

        
 

DSP4a Geobacillus lituanicus 

strain N-3 

98.55 Geobacillus lituanicus 

strain   N-3 

4299.05 Geobacillus stearothermophilus strain 
FHS-PHGT51 

100.00 

      
Geobacillus stearothermophilus strain 

DSM 458 
100.00 

      
Geobacillus stearothermophilus strain 

GS27 
100.00 

      
Geobacillus sp. 

Sah69 

100.00 

      
Geobacillus stearothermophilus 

ATCC 12980 
100.00 

      
Geobacillus stearothermophilus 

ATCC 7953 
100.00 

        
 

CHMud_LB_pH8 Anoxybacillus sp. 103 98.43 Anoxybacillus sp. 103 7800.76 Anoxybacillus kamchatkensis strain 
G10 

100.00 

      
Anoxybacillus flavithermus strain 52-

1A 
99.93 
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Efil_LB_pH6.8_a Anoxybacillus ayderensis 

strain AB04 

98.40 Anoxybacillus ayderensis 

strain AB04 

10221.31 Anoxybacillus kamchatkensis strain 
G10 

99.66 

      
Anoxybacillus gonensis 

strain G2 

99.60 

        
 

MMMud_3_LB_
pH8 

Geobacillus subterraneus 
PSS2 

98.14 Geobacillus subterraneus 
PSS2 

3684.00 Geobacillus icigianus 

strain G1w1 

99.76 

      
Geobacillus subterraneus PSS2 N671 99.76 

        

C MCWH_LB_pH8 Brevibacillus 
thermoruber 

PM1 N690 

94.13 Brevibacillus 
thermoruber 

423 

3758.04 Brevibacillus thermoruber 

PM1 N690 

99.35 
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alignments. Out of the eight samples, three did not produce the same species identification 

results between progressive Mauve and 16S rRNA gene alignment. Additionally, seven out of 

the eight samples did not identify a single best candidate assembly, producing from two to six 

equal best identification results based on bitscore and percentage identity. The results showed 

that identifications derived from the reduced-representation sequences are the same as those 

produced by alignment of the entire genome with progressive Mauve, and provide a reliable 

identification based on a small sample of sequence fragment derived from across the whole 

genome. The 16S rRNA gene results in contrast did not always agree completely with the 

whole-genome alignment and did not resolve to a single candidate identification in many 

instances. 

3.4.1 Comparison of identification methods 

DNA sequence-based bacterial identification has relied heavily on 16S ribosomal RNA gene 

sequencing (Najar, Sherpa, Das, Das, & Thakur, 2018; Parikka, Jacquet, Colombet, Guillaume, 

& Le Romancer, 2018; Sahoo, Subudhi, & Kumar, 2015; Sakai & Kurosawa, 2016; Tomova et 

al., 2010). In spite of the ubiquitous use of 16S sequence data, the limitations of this approach 

are well established (Chatellier et al., 2014). One of the first problems identified with this 

technique was the difficulty of primer design, necessitating attempts at creation of ‘universal’ 

primers, ideally capable of amplifying a portion of the 16s rRNA gene from any bacterial 

sample (Weisburg, Barns, Pelletier, & Lane, 1991). In practice, multiple primer pairs may need 

to be trialled to obtain successful amplification. Another recognised problem relates to 16S 

rRNA gene copy number, because some bacterial strains have multiple 16S rRNA genes within 

their genome (Louca, Doebeli, & Parfrey, 2018; Větrovský & Baldrian, 2013). A third, and 

most important issue relates to the limited resolution of the identification information provided 

by 16S rRNA gene sequencing (Chatellier et al., 2014). The original rationale for the choice of 

the 16S rRNA gene for use in bacterial identification is based on the need for a balance between 
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sequence conservation versus sequence diversity. Sequence similarity between taxa must be 

sufficient for priming and PCR amplification, but sequence variability must be sufficient to 

provide resolution between taxa for identification purposes. In practice the resolution provided 

by 16S rRNA sequence data can be insufficient, with sequence redundancy evident at closer 

taxonomic range (Janda & Abbott, 2007). Effectively, the sequence similarity of the 16S locus 

may not be a surrogate for the similarity of the genome as a whole (Louca et al., 2018). 

Obtaining whole-genome sequence is clearly the best option to identify bacterial isolates and 

determine their nearest relatives, however, the costs involved mean that it is generally not 

practical to do this for all of bacterial isolates. Usually, a selection is made based on the 

preliminary identification information provided by 16S rRNA gene sequence, choosing samples 

of interest for further sequencing and importantly to avoid redundancy. 

The alternative method of sequencing complexity-reduced genomic representations 

promises to provide a potential replacement, avoiding some of the limitations. This study has 

shown that reduced-representation sequencing can provide fine scale identification information, 

most importantly, with complete agreement to whole-genome sequence information in terms of 

identification for the samples tested in this study. Reduced-representation sequences can be 

produced for any organism, without need for prior sequence information, and with even 

preliminary knowledge of taxonomic affinities not being required.  

3.4.2 Bacterial strains obtained from hot water systems and compost samples 

All of the strains isolated from hot water systems and compost samples were found to 

belong to the genus Geobacillus. From the 16 isolates obtained from hot water systems, 11 

showed a closest affinity to G. lituanicus, with percentage identities ranging from 98.1% to 

98.6%. G. lituanicus was originally isolated from crude oil deposits a depth of 2000 m in 
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Lithuania (Kuisiene, Raugalas, & Chitavichius, 2004). The presence of Geobacillus species in 

water heaters has been recorded previously (McMullan et al., 2004). 

The bacterial strains isolated from compost samples were primarily found to belong to 

the species G. thermodenitrificans and G. galactosidasius. G. thermodenitrificans was 

originally isolated from sugar beet juice, but has also been isolated from deep oil deposits (Yao, 

Ren, & Wang, 2013) and from soil (Manachini et al., 2000). The species G. thermodenitrificans 

was first isolated from compost at 70°C in Italy (Poli et al., 2011). 

3.4.3 Bacterial strains obtained from bores in the Great Artesian Basin 

The bacterial strains isolated from bore water and bore drain sediment in the Great 

Artesian Basin showed a greater diversity than those obtained from hot water systems and 

compost. The isolates were found to belong to three genera, Anoxybacillus, Geobacillus and 

Brevibacillus, in order of prevalence. Bacterial isolates derived from water filters collected 

directly at the bore head belonged primarily to the genus Anoxybacillus, in contrast, isolates 

from sediment samples collected at bore drains represented a mixture of Anoxybacillus and 

Geobacillus species. A strain belonging to the genus Brevibacillus was isolated from the water 

outflow at Mungerannie Station bore. Water samples from the Great Artesian Basin matched 

the temperatures previously reported Water filters from Clifton Hills, Mt Gason, and 

Mungerannie had massive bacterial growth after 24 hr of incubation at 62.5˚C. The common 

factor for these bores is that they were recently drilled, in comparison to other water bores 

sampled, that were more than 100 years old. Filters from older bores such as Mirra Mita and 

Dulkaninna had slight visible growth after 48 hr of incubation. Water samples taken from 

recently drilled water bores may have a higher concentration of organic matter and living 

microorganisms coming directly from underground, in comparison to older water bores. 

Previous reports have determined that anthropogenic activities such as drilling new water bores, 



  Chapter 3 
 

84 
 

stimulates the growth of new or existing bacterial populations (Department of the Environment, 

2014). Water bores located at temperatures below 60˚C did not present visible growth after 

incubation at 62.5˚C. The pH of bore water samples ranged from 7.14 – 8.5, consistent with 

values reported from Mahara et al. (2009).  

In conclusion, this study clearly demonstrates the improved accuracy of the 

identifications based on reduced-representation sequencing. The 8 samples selected for whole-

genome sequencing ranged in novelty from nearly identical to existing sequence genomes, up 

to likely new species. In each case the identifications provided by reduced-representation 

sequencing agree completely with the identifications provided by whole-genome sequencing. 

The identification provided by 16S rRNA gene, although in agreement for some of the samples, 

differed from the whole genome-based results for others, and tended to identify multiple 

accessions or even multiple species with equal sequence distance, failing to identify a single 

best candidate from the sequence database. Given that the 16S rRNA gene-based approach has 

been standard for most studies aimed at isolating and identifying microorganisms from 

environmental samples, the potential benefits that can be gained from using reduced-

representation sequences are considerable. Importantly, the protocol for reduced-representation 

sequencing is comparable to the 16S rRNA amplification protocols in terms of its simplicity 

and low cost. The growing database of available bacterial genome sequences provides an 

excellent resource for alignment of reduced-representation sequences for identification 

purposes, and as the available genomes continue to grow, the technique will become more 

effective with time. 
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ABSTRACT 

A phylogenetic study of Anoxybacillus, Geobacillus and Parageobacillus was performed using 

publicly available whole genome sequences. A total of 113 genomes were used to calculate the 

of Average Nucleotide Identity (ANI), Average Amino acid Identity (AAI), and for the 

construction of a maximum likelihood tree using alignment of a set of 662 orthologous core 

genes. The genomes formed two main clades. Clade I contained all species of Geobacillus, all 

species of Parageobacillus and some species of Anoxybacillus; Clade II, contained the 

remaining species of Anoxybacillus. Clade I is further partitioned into three clades, the first 

comprising Geobacillus, the second Parageobacillus, and a third clade that we suggest should 

be elevated to a new genus (Quasigeobacillus gen. nov.). Two species of Anoxybacillus could 

not be clearly placed within any of the three existing genera or the new genus.  

4.1 Introduction 

Next-generation sequencing technologies produce massive amounts of information that allows 

researchers to discriminate among data to establish thresholds for bacterial taxonomical scales 

(Schloss & Westcott, 2011). Until recently, the use of DNA-DNA hybridization was considered 

the “gold standard” for bacterial taxonomy. Alternatively, 16S rRNA gene sequencing is a 

different more recent approach, but its low-resolution results in artificially high sequence 

similarities amongst bacterial genera and species, limiting its usefulness for classification 

(Janda & Abbott, 2007). Average nucleotide identity (ANI) values provide higher resolution to 

detect relatedness among bacterial genomes. It is calculated by comparing two closely related 

genome sequences and estimating the percentage identity of aligned nucleotides using the 

BLAST search program (Yoon, Ha, Lim, Kwon, & Chun, 2017). If comparisons are done 

between distant genomes, it is recommended to use the average amino acid identity (AAI), as 

amino acid similarity is better conserved in homologous protein sequences than DNA sequence 
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similarity (Rodriguez-R & Konstantinidis, 2014, 2016). The use of bioinformatic tools to 

calculate ANI by itself is not sufficient, as alignment of a set of orthologous core genes may 

provide a better view of phylogenetic relationship. It is now considered mandatory to verify 

taxonomic affiliation of new genomes using average nucleotide identity and multilocus 

phylogenetic analysis (Figueras, Beaz-Hidalgo, Hossain, & Liles, 2014). 

The genera Anoxybacillus, Geobacillus and Parageobacillus belong to the Bacillaceae. 

They are moderate thermophiles with the ability to form spores, allowing them to survive in a 

dormant state for years, depending on the environmental conditions of the host soil, such as pH, 

water availability, organic matter and calcium. Anoxybacillus have been isolated mainly from 

geothermal sources, but are also found as a food contaminant or in compost. Geobacillus have 

been isolated from hot springs, oilfields, spoiled canned food, desert sand, composts, water, 

ocean sediments, sugar beet juice and mud (Mandic-Mulec, Stefanic, & van Elsas, 2015). 

Similarly, Parageobacillus is a thermophilic facultative anaerobe, which has been isolated from 

geothermal springs environments and compost (Mohr et al., 2018). 

Anoxybacillus are Gram-positive, spore-forming rods whose main fatty acid present in 

the membrane of is iso-C15:0, and have genomic GC% range between 42–57 mol% (Minana-

Galbis, Pinzon, Loren, Manresa, & Oliart-Ros, 2010). Anoxybacillus was proposed in the year 

2000 (Pikuta et al., 2000) as a new genus within the Bacillaceae family, based on a strain 

isolated from animal manure. The anaerobic growth characteristics observed in this strain were 

reflected in the chosen generic name Anoxybacillus. The new species Anoxybacillus 

pushchinensis, clustered together with Bacillus flavothermus, to the exclusion of other Bacillus 

species. Bacillus flavothermus was then reclassified as Anoxybacillus flavothermus giving the 

new genus two species (Pikuta et al., 2000). Over the subsequent 18 years, numerous species 

and strains have been added to the genus Anoxybacillus, many of which have been found to be 

either aerobes or facultatively anaerobic (Goh et al., 2014, 2013). In the most current 
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classification, there are 24 species and subspecies belonging to genus Anoxybacillus validly 

described to date. The following thirteen have genome assemblies available: A. amylolyticus 

(Poli et al., 2006), A. ayderensis (Dulger, Demirbag, & Belduz, 2004), A. flavithermus (Heinen, 

Lauwers, & Mulders, 1982; Pikuta et al., 2000), A. flavithermus yunnanensis (Dai et al., 2011), 

A. geothermalis (Filippidou et al., 2016), A. gonensis (Belduz, Dulger, & Demirbag, 2003), A. 

kamchatkensis (Kevbrin, Zengler, Lysenko, & Wiegel, 2005), A. mongoliensis (Namsaraev et 

al., 2010), A. pushchinoensis (Pikuta et al., 2000), A. suryakundensis (Deep, Poddar, & Das, 

2013), A. tepidamans (Schaffer et al., 2004), A. thermarum (Poli et al., 2009), A. vitaminiphilus 

(Zhang, Zhang, Wu, Zhu, & Wu, 2013). The remaining eleven do not have genome assemblies 

available: A. bogrovensis (Atanassova, Derekova, Mandeva, Sjoholm, & Kambourova, 2008), 

A. caldiproteolyticus (Chen, Stabnikova, Tay, Wang, & Tay, 2004; Coorevits et al., 2012), A. 

contaminans (De Clerck et al., 2004), A. eryuanensis (Zhang et al., 2011), A. kamchatkensis 

subsp. Asaccharedens (Gul-Guven, Guven, Poli, & Nicolaus, 2008), A. kaynarcensis (Inan, 

Belduz, & Canakci, 2013), A. kestanbolensis (Dulger et al., 2004), A. rupiensis (Derekova, 

Sjøholm, Mandeva, & Kambourova, 2007), A. salavatliensis (Cihan, Ozcan, & Cokmus, 2011), 

A. tengchongensis (Zhang et al., 2011), A. voinovskiensis (Yumoto et al., 2004), 

Geobacillus are Gram-positive spore-forming thermophiles, whose dominant cellular 

membrane fatty acids are iso-C15:0, iso-C16:0 and iso-C17:0, with a reported genomic GC% 

ranging between 48.2–58 mol% (Minana-Galbis et al., 2010). Geobacillus was also originally 

classified within the genus Bacillus. A taxonomic study of thermophilic bacilli in 2001 resulted 

in the splitting of a group from the genus Bacillus, into the newly described genus Geobacillus, 

initially containing 8 species, consisting of Geobacillus subterraneus, Geobacillus uzenensis, 

G. stearothermophilus, G. thermoleovorans, G. thermocatenulatus, G. kaustophilus, G. 

thermoglucosidasius and G. thermodenitrificans (Nazina et al., 2001). The species G. 

thermoglucosidasius was subsequently removed from the genus (Aliyu, Lebre, Blom, Cowan, 
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& De Maayer, 2016). Geobacillus currently contains 15 validly described species all of which 

have genome assemblies available. The remaining Geobacillus  species described with a valid 

bacteriological code are: G. galactosidasius (Poli, Laezza, Gul-Guven, Orlando, & Nicolaus, 

2011), G. icigianus (Bryanskaya, Rozanov, Slynko, Shekhovtsov, & Peltek, 2015), 

G. jurassicus (Nazina et al., 2005), G. lituanicus (Kuisiene, Raugalas, & Chitavichius, 2004), 

G. thermantarcticus (Coorevits et al., 2012), G. vulcani (Nazina et al., 2004), G. genomospecies 

3 (Aliyu et al., 2016; Shintani et al., 2014) and G. yumthangensis (Najar, Sherpa, Das, & 

Thakur, 2018). A genome sequence is available in Genbank with a species name of G. zalihae 

(Abd Rahman, Leow, Salleh, & Basri, 2007); however, the name has not been validly published 

(Minana-Galbis et al., 2010).  

In 2016, the new genus Parageobacillus was defined by reassigning a clade from 

Geobacillus, integrating five species into this genus (Aliyu et al., 2016): P. caldoxylosilyticus 

(Fortina et al., 2001), P. thermoglucosidasius (Coorevits et al., 2012; Nazina et al., 2001; Suzuki 

et al., 1983), P. thermantarcticus (Coorevits et al., 2012; Nicolaus et al., 1996), P. toebii 

(Coorevits et al., 2012; Sung et al., 2002), P. genomospecies 1 (Aliyu et al., 2016). The 

taxonomic revision was based on evidence from placement of the clade within a core gene 

phylogenetic tree of Geobacillus species, GC% content differences and Average nucleotide 

identity values (Aliyu et al., 2016).  

The genomospecies are representative groups of genomes close together on the tree 

which do not have species names assigned to them. In other words, they are sequenced genomes 

of unnamed species. The species delimitation within the genera being studied appears that it 

has been made by inconsistent criteria over a period of years. This has resulted in inconsistent 

distances between the species in the phylogenomic metrics, as well as the inconsistent relative 

placement of named species on the tree (Brenner et al., 2005). In this study, the exact species 

delimitation is not of great importance as it is focusing on the larger clades and attempting to 
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examine genus level taxonomy. The concept of the genomo species is only used to make an 

attempt to count the number of species represented in each clade, in cases where genomes of 

unnamed species are present. 

In this paper, a phylogenetic analysis and comparative genomic analysis of the closely 

related thermophilic genera Anoxybacillus, Geobacillus and Parageobacillus was done, as well 

as determining the preliminary placement of 7 newly isolated strains (Talamantes-Becerra, 

Carling, & Georges, submited for publication) of these genera. The study was performed using 

113 genome assemblies of Anoxybacillus, Geobacillus and Parageobacillus available on 

RefSeq database (O’Leary et al., 2016) up to January 2019. 

4.2 Materials and methods 

Methods followed in this paper were based on those used for reassessment of the genus 

Geobacillus by Aliyu et al. Specifically, a set of core genes was identified from the group of 

bacterial genomes under study, followed by construction of a maximum likelihood tree. The 

same set of genomes was used to calculate ANI and AAI scores, followed by construction of 

UPGMA dendrograms. GC content and genome size for all genomes were calculated. The 

topology of the trees, GC contents and ANI values were used for taxonomic delimitation (Aliyu 

et al., 2016). 

4.2.1 Anoxybacillus, Geobacillus and Parageobacillus genomes 

Complete genome assemblies from the RefSeq database (O’Leary et al., 2016) were 

downloaded for 30 Anoxybacillus strains and 71 Geobacillus strains. The genus 

Parageobacillus was represented in the analysis by the genome assemblies of the 5 validly 

described Parageobacillus species, with one representative assembly per species. Additionally, 

whole genome sequences of 2 Anoxybacillus, four Geobacillus and 1 Parageobacillus strains 

obtained from a study of thermophiles in Australia (Talamantes-Becerra et al., submited for 
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publication.) were included. This group contained 31 chromosome level assemblies, 33 scaffold 

genomes and 49 genomes up to the contig level. Anomalous genome assemblies listed with 

suppressed RefSeq status, including those identified as chimeric, contaminated, or frameshifted 

were excluded from the study. 

4.2.2 Phylogenetic analysis 

The Anoxybacillus, Geobacillus, Parageobacillus core genome was identified using EDGAR 

2.0 (Blom et al., 2016). The genome assembly of Geobacillus thermodenitrificans NG80-2 was 

used as a starting reference, from which all CDS were identified and iteratively compared 

against the set of selected Anoxybacillus, Geobacillus and Parageobacillus genome assemblies 

to identify orthologous genes via BLAST. This process results in the identification of a core 

genome consisting of the full set of CDS from the starting reference assembly, for which 

orthologs can be identified amongst all other assemblies (Blom, 2013). The genome assembly 

of Bacillus subtilis spizizenii TU-B-10T (Earl et al., 2012) was included in the core gene 

analysis as an outgroup. The assemblies included are listed in Appendix 4.0. During the core 

gene discovery process, five assemblies with relatively low numbers of CDS were excluded 

after they were found to significantly reduce the number of core genes recognised, and one was 

removed as it was an exact duplicate of another Anoxybacillus suryakundensis assembly. The 

assemblies removed are listed in Appendix 4.2. The obtained CDS were concatenated and 

aligned using MUSCLE (Edgar, 2004). The alignments were used to build a maximum-

likelihood tree with the software package FastTree (Price, Dehal, & Arkin, 2009, 2010). 

4.2.3 Phylogenomic metric calculations. 

Average nucleotide identity (ANI) and amino acid identity (AAI) values were calculated 

between all pairs of genomes to build ANI and AAI similarity matrices. Default parameters 

were selected to calculate two-way ANI using the ani.rb script; similarly, two-way AAI was 
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calculated using the aai.rb script. Draft genomes were concatenated with 100 N bases 

introduced between contigs. Both Ruby scripts are publicly available in the enveomics package 

(Rodriguez-R & Konstantinidis, 2016). Similarity values obtained by ANI and AAI were 

arranged into similarity matrices and used as input in the DendroUPGMA (Romeu, Palau, & 

Garcia-Vallvé, 1999) web server by selecting the unweighted pair group with arithmetic mean 

clustering method (UPGMA) to obtain dendrograms. Trees were plotted with the web-based 

tool Interactive Tree Of Life (Letunic & Bork, 2013). 

4.3 Results 

A total of 32 Anoxybacillus, 75 Geobacillus, 6 Parageobacillus and 1 Bacillus genomes 

produced a core gene set of 662 orthologous genes per genome (Appendix 4), which was used 

to produce a maximum likelihood phylogenetic tree with 114 genomes. 

The core gene maximum likelihood tree splits species into three major groups consisting 

of: outgroup, clade I and clade II (Figure 4.1).  Clade I consists of all Geobacillus and 

Parageobacillus plus a subset of Anoxybacillus genomes. Clade II contains the remainder of 

the Anoxybacillus genomes. Within clade I, the first branch separates A. vitaminiphilus from all 

other assemblies. The next branch splits the remaining Anoxybacillus with the exception of A. 

flavithermus B4168 from all Geobacillus and Parageobacillus. Clade I has been divided into 

A. vitaminiphilus plus three subclades, I-a, I-b and I-c. 

Clade I-a includes 75 Geobacillus genomes from the species G. galactosidasius, G. 

genomosp 3, G. icigianus, G. jurassicus, G. kaustophilus, G. lituanicus, G. stearothermophilus, 

G. subterraneus, G. thermocatenulatus, G. thermodenitrificans, G. thermoleovorans, G. 

uzenensis, G. vulcani, G. yumthangensis, G. zalihae and 28 unnamed Geobacillus species. 

Some species are represented by multiple genome assemblies. Clade I-b contains the five 

representative Parageobacillus genomes including the species P. genomosp 1, P. 
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caldoxylosilyticus, P. thermantarcticus, P. thermoglucosidasius, P. toebii and one unnamed 

Parageobacillus species. Additionally, the assembly named A. flavithermus B4168 is located 

within this clade. Clade I-c includes three Anoxybacillus species: A. amylolyticus, A. 

tepidamans, and four unnamed Anoxybacillus species.   

Clade II consists of twenty-four Anoxybacillus genomes, including the species A. 

flavithermus, A. pushchinoensis, A. gonensis, A. kamchatkensis, A. thermarum, A. ayderensis, 

A. mongoliensis, A. suryakundensis and three unnamed Anoxybacillus species. Some species 

are represented by multiple genome assemblies. 

The two-way average nucleotide identity (ANI) values calculated between all genome 

pairs were used to build a UPGMA (Romeu et al., 1999) dendrogram with 114 genomes (Figure 

4.2). The clades from the maximum likelihood core gene tree are shown alongside for 

comparison. The first branch splits the outgroup from all other samples. The positions of A. 

amylolyticus and A. vitaminiphilus differ from their placement in the core gene maximum 

likelihood tree. The second branch splits A. amylolyticus from all other Anoxybacillus, 

Geobacillus and Parageobacillus, while A. vitaminiphilus is present within the clade of 

Parageobacillus (clade I-b). The ANI values calculated are shown in a similarity matrix in 

Appendix 4.3. 

The two-way average amino acid identity (AAI) values calculated between all genome 

pairs were used to build a UPGMA (Romeu et al., 1999) dendrogram with 114 genomes (Figure 

4.3). The clades from the maximum likelihood core gene tree are shown alongside for 

comparison. Positioning is broadly similar to the trees in Figure 4.1 and Figure 4.2. The 

primary distinction is the position of A. amylolyticus, and A. vitaminiphilus which are located 

in clade I-c within the subclade containing the other Anoxybacillus species. The AAI values 
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calculated are shown in a similarity matrix in Appendix 4.4. A heatmap ANI vs AAI values is 

shown in Figure 4.4. 

Genome size and GC content for each of the genomes is listed in Appendix 4.1. A 

graphical representation of these values is shown alongside the core gene maximum likelihood 

tree in Figure 4.1. The genome size of clade I-a containing mostly Geobacillus genomes ranges 

from 2.63 to 4.69 Mb and the GC content ranges from 41.6 to 55.2%. Clade I-b, including 

Parageobacillus genomes, has genome sizes ranging from 3.32 to 3.95 Mb and GC content from 

42.1 to 44.4%. The clade I-c which includes a subset of Anoxybacillus genomes, shows genome 

sizes ranging between 3.16 to 3.87 Mb, and GC content 42.5 to 43.6%. Clade II which includes 

the majority of Anoxybacillus genomes has a genome size range from 2.56 to 3.72 Mb and a 

GC content ranging from 41.1 to 43.8%. 

4.3.1 Affinities of seven newly sequenced genomes 

The placement of the seven genomes derived from the study of thermophilic bacteria in 

Australia was determined on the basis of their relative position within the core gene maximum 

likelihood tree and the ANI and AAI values. These genomes have genome sizes ranging 

between 2.7 to 4.7 Mb, a minimum GC content of 41.8% and a maximum of 55.27%. ANI and 

AAI values for the samples Geobacillus sp BMUD, Geobacillus sp MR, and Parageobacillus 

sp NFOSA3 are above 99.17 and 98.39 respectively. Genomes of Anoxybacillus sp EFIL, 

Geobacillus sp MMMUD3 and Geobacillus sp DSP4a have ANI of 97.99, 97.14 and 97.64 

respectively. The genome of Anoxybacillus sp CHMUD had the most distant ANI value with 

95.03 and AAI of 95.81. Results are shown in Table 4.1. 
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Table 4.1 Placement of seven newly sequenced genomes from the study of thermophilic bacteria in Australia. 

 

 

New placement Closest match 
Organism Name Size 

(Mb) 
GC% Organism Name Size 

(Mb) 
GC% ANI AAI 

Anoxybacillus sp CHMUD 2.7 41.81 Anoxybacillus flavithermus NBRC 109594 2.8 41.70 95.03 95.81 
Anoxybacillus sp EFIL 2.8 41.90 Anoxybacillus ayderensis AB04 2.8 41.80 97.99 98.04 
Geobacillus sp BMUD 3.5 52.02 Geobacillus vulcani PSS1 3.4 52.40 99.35 98.94 
Geobacillus sp MR 3.6 48.89 Geobacillus thermodenitrificans OS27 3.4 49.20 99.61 99.02 
Geobacillus sp MMMUD3 4.7 55.27 Geobacillus icigianus G1w1 3.5 52.00 97.14 95.16 
Geobacillus sp DSP4a 3.3 52.32 Geobacillus stearothermophilus DSM 458 3.5 52.10 97.64 96.84 
Parageobacillus sp. NFOSA3 3.4 42.13 Geobacillus galactosidasius DSM 18751 3.8 41.60 99.17 98.38 
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Figure 4.1 Maximum likelihood tree built from alignment of 662 core genes from 113 genomes. 

Description: Including Anoxybacillus, Geobacillus, Parageobacillus and one genome of Bacillus subtilis 
spizizenii TU B 10 selected as an outgroup for rooting. Bootstrap values (1000 repetitions) for all major clades are 
shown on the tree. Scale bar for branch lengths represents 0.1 substitutions per site. Clades and subclades are 
shown in addition to genome size (Mb) and GC content (%) for all genomes. Two genomes with incongruous 
positioning in relation to Figure 4.2 and Figure 4.3 are shown in green text. Scale bars show the maximum values 
represented by the horizontal bars for genome size and GC content.   
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Figure 4.2 UPGMA dendrogram constructed from average nucleotide identity (ANI) similarity matrix for 
all genomes, rooted using one genome of Bacillus subtilis spizizenii TU B 10. 

Description: Clades equivalent to those in Figure 4.1 are shown. Scale bar for branch length represents 0.01 
substitutions per site. Two genomes with incongruous positioning in relation to Figure 4.1 and Figure 4.3 are 
shown in green text. 
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Figure 4.3 UPGMA dendrogram constructed from average amino acid identity (AAI) similarity matrix for 
all genomes, rooted using one genome of Bacillus subtilis spizizenii TU B 10. 

Description: Clades equivalent to those in Figure 4.1 are shown. Scale bar for branch length represents 0.01 
substitutions per site. Two genomes with incongruous positioning in relation to Figure 4.1 and Figure 4.2 are 
shown in green text. 
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Figure 4.4 Heat map. Average nucleotide identity (ANI) similarity matrix in lower left triangle and average 
amino acid identity (AAI) similarity matrix is shown upper right triangle. 

Description: Maximum likelihood tree constructed from alignment of core genes (Figure 4.1) is shown in 
alignment with the matrix including clades and subclades. Samples in the matrix are ordered according to the 
maximum likelihood tree (Figure 4.1). Colour scale represents values from 57.01% (light blue) to 100% (dark 
blue). This is also in Appendix 4.5. 

 



  Chapter 4 
 
 

104 
 

4.4 Discussion 

In this paper, we have found that the current taxonomic delimitations of the genera 

Anoxybacillus, Geobacillus and Parageobacillus does not represent accurately the phylogenetic 

relationships within this group. 

4.4.1 Assessment of clade I-c  

In the core gene maximum likelihood tree, Clade I, which contains the genera Geobacillus and 

Parageobacillus in subclades (clade I-a and clade I-b respectively), also contains a third clade 

(clade I-c) which consists of genomes ascribed to the genus Anoxybacillus. Two further 

Anoxybacillus species present within Clade I, A. vitaminiphilus and A. amylolyticus, exhibit 

incongruous placement when the core gene tree is compared with the UPGMA dendrograms 

derived from ANI and AAI similarity matrices of all taxa. The affinities of these two species 

are difficult to determine from the current evidence and will be considered as unresolved taxa. 

The other Anoxybacillus genomes present within Clade 1-c, excluding the two species with 

incongruous placement, are A. tepidamans, Anoxybacillus sp. B2M1, Anoxybacillus sp. B7M1, 

Anoxybacillus sp. P3H1B and Anoxybacillus sp. UARK 01. These genomes are located within 

clade I-c in each of the three phylogenetic trees, forming a grouping which is consistently 

distinct from Geobacillus (clade I-a) and Parageobacillus (clade I-b). Internally, this grouping 

consists of two further divisions, with A. tepidamans on the one hand, and the remaining four 

genomes which are closely placed on all of the trees, having ANI values ranging from 98.5 – 

99.1% and AAI values ranging from 98.1 – 100%. These four genomes can be considered to 

represent a single genomospecies. The minimum ANI and AAI values from A. tepidamans to 

the members of the genomospecies is 79.5% and 81.7% respectively. The members of clade I-

c are therefore considered to consist of two species, A. tepidamans and one genomospecies. 

Due to the consistent separation of the two species in clade I-c from Geobacillus, 

Parageobacillus, and the other members of Anoxybacillus in clade II, we consider that the 
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evidence suggests a fourth, new genus is required to accommodate these two species. The 

average ANI and AAI values separating the candidate new genus from the members of the 

existing three genera are shown in Table 4.2. The mean ANI and AAI values suggest that the 

candidate new genus is somewhat more closely related to Parageobacillus, followed by 

Anoxybacillus and Geobacillus in descending order. The evidence from genome size and GC 

content also suggests a closer affinity to Parageobacillus (Table 4.3). The structure of the three 

phylogenetic trees reaffirms the distinctiveness of the two species consistently present in clade 

I-c with respect to the three existing genera. An alternative approach may be to merge these two 

species with Parageobacillus; however, if this course of action was followed, the evidence from 

the phylogenetic trees would also support the need for Parageobacillus to be merged again with 

Geobacillus. Considering the evidence of the core gene maximum likelihood tree, ANI and 

AAI UPGMA dendrograms and similarity values, we suggest that A. tepidamans and the one 

genomospecies present in clade I-c should be placed into a new genus called Quasigeobacillus. 

Due to the incongruous positioning of A. vitaminiphilus and A. amylolyticus the affinities of 

these two species remains unresolved at this point. 

 

Table 4.2 Phylogenomic metrics comparing the average nucleotide identity mean values and average amino 
acid identity mean values of candidate new genus assigned into clade I-c against the members of the existing 
three genera. 

 
Clade I-c versus 

Phylogenomic metrics Parageobacillus Anoxybacillus Geobacillus 
Average nucleotide identity (mean %) 77.40 77.90 76.54 
Average amino acid identity (mean %) 75.27 70.73 70.30 
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Table 4.3 Statistics comparing minimum, maximum and mean values of genome size and GC content per 
clade. 

 
Clades 

Statistics I-a 
Geobacillus 

I-b 
Parageobacillus 

I-c 
Quasigeobacillus 

II 
Anoxybacillus 

Genome size (min Mb) 2.63 3.32 3.16 2.56 
Genome size (max Mb) 4.69 3.95 3.87 3.72 
Genome size (mean Mb) 3.45 3.60 3.61 2.79 
GC content (min %) 41.60 42.13 42.50 41.10 
GC content (max %) 55.27 44.40 43.63 43.80 
GC content (mean %) 50.90 43.42 42.77 41.89 

 

4.4.2 Assessment of Parageobacillus 

Clade I-b contains inconsistent naming at the genus level. Eight of the genomes that have been 

assigned to Geobacillus and Anoxybacillus have been found to belong to Parageobacillus in 

clade I-b. Seven of the genomes have not been named to species level or validly described, and 

one is a validly described species originally placed in Geobacillus. The list includes one genome 

named as A. flavithermus strain B4168 and seven Geobacillus genomes, including Geobacillus 

sp. 44B, Geobacillus sp. Y41MC1, Geobacillus sp. WCH70, Geobacillus sp. AYN2, 

Geobacillus sp. LYN3, Geobacillus sp. 44C and G. galactosidasius (Poli et al., 2011). The 

genome named A. flavithermus strain B4168 is incorrectly assigned at the genus and species 

level. Each of the genomes named as Geobacillus sp. are considered to belong to 

Parageobacillus sp., and the species G. galactosidasius requires re-assignment as P. 

galactosidasius. A partial phylogenetic analysis of Geobacillus by Ramaloko et al. (2018), 

came to the same conclusion, considering that G. galactosidasius should properly belong to 

Parageobacillus. Here we propose the formal classification of this species as P. 

galactosidasius. 
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4.3 Conclusion 

The process of identifying and naming isolates after whole-genome sequencing is usually based 

on an approach in which the closest genome is identified using multiple methods for alignment 

of nucleotide or protein sequences and the distance from the nearest genome then determines 

whether the strain is a new species or belongs to an existing species. Although phylogenetic 

assessment has been recognised as an essential step in this process, the breadth of species 

assessed together requires further consideration. A combined phylogenomic analysis of the 

genera Geobacillus, Parageobacillus and Anoxybacillus has revealed problems in the 

delimitation of these genera, which would not be revealed if each were considered alone. In the 

context of determining affinities of a new genome, it is essential to consider closely related 

species together for construction of a phylogeny. When this process occurs in the absence of a 

broader phylogenetic assessment, the genus designation for new strains can become 

incongruent with the phylogeny of the underlying complete set of available genomes. For 

example, the genomes belonging to clade I-c have been previously assigned to the genus 

Anoxybacillus, and in one case, previously assigned to Geobacillus, however, when the two 

genera are considered together in a phylogenetic analysis, clade I-c is seen to be outside of 

Anoxybacillus and Geobacillus. 

4.4 Descriptions 

Emended Description of Parageobacillus H. Aliyu et al. 2016. 

Parageobacillus (Gr. Prepr. Para, beside or alongside of; n. Gê, the Earth; L. dim. n. bacillus, 

small rod; masc.; M.I. masc. n. Parageobacillus, a genus nearest to Geobacillus). 

The genus Parageobacillus includes P. genomosp 1, P. caldoxylosilyticus, P. thermantarcticus, 

P. thermoglucosidasius, P. toebii, P. galactosidasius, P. yumthangensis and one unnamed 

Parageobacillus species. The position of this genomes in clade I-b is shown in Figure 4.1, 



  Chapter 4 
 
 

108 
 

Figure 4.2 and Figure 4.3. The type species is Parageobacillus thermoglucosidasius, with an 

average genome size of 3.6 Mb and a GC content ranging from 42.1 to 44.4% as described by 

H. Aliyu et al. 2016. 

Description of Parageobacillus galactosidasius comb. nov. 

Basonym: Geobacillus galactosidasius Poli et al. 2011.  

The description for Parageobacillus galactosidasius comb. nov. follows that of Geobacillus 

galactosidasius Poli et al. 2011 and the genus Parageobacillus. 

Description of Parageobacillus yumthangensis comb. nov. 

Basonym: Geobacillus yumthangensis (Najar et al., 2018). 

The description for Parageobacillus yumthangensis comb. nov. follows that of Geobacillus 

yumthangensis Najar et al. 2018 and the genus Parageobacillus. 

Description of Quasigeobacillus gen. nov. 

Quasigeobacillus (L. adv. quasi almost like; Gê, the Earth; L. dim. n. bacillus, small rod; M.I. 

masc. n. Quasigeobacillus, similar to Geobacillus). 

The genomes in clade I-c form a distinct group based on genome characteristics and can be 

separated from Anoxybacillus, Geobacillus and Parageobacillus on this basis. The position of 

this clade in relation to the other species is shown in Figure 4.2 and Figure 4.3, the ANI and 

AAI similarity values are shown as a heatmap in Figure 4.4 and in Appendix 4.5. The genome 

size of this clade ranges from 3.16 to 3.87 Mb and has a GC content ranging from 42.5 to 43.6 

%. Therefore, we propose a new genus consisting of two species Q. tepidamans, and Q. 

genomospecies 1. The type species is Quasigeobacillus tepidamans. 

Description of Quasigeobacillus tepidamans comb. nov. 
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Basonym: Geobacillus tepidamans Schäffer et al. 2004; Anoxybacillus tepidamans (Coorevits 

et al., 2012). 

The description for Quasigeobacillus tepidamans comb. nov. follows that of Geobacillus 

tepidamans Schäffer et al. 2004, Anoxybacillus tepidamans (Coorevits et al., 2012) and the 

genus Quasigeobacillus. 

Description of Quasigeobacillus genomospecies 1 comb. nov. 

Four genomes located in clade I-c are proposed to form a distinctive genomo species, supported 

by ANI and AAI values, represented by Quasigeobacillus sp. B2M1. The lowest and the 

maximum ANI and AAI values amongst these four genomes contained in the Genomo species 

are 98.5% to 100% for ANI and 98.1% to 100% for AAI. 
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CHAPTER 5 SYNOPSIS. 

 

In this thesis, I adopted a reduced-representation sequencing technique (DArTseq) for 

bacterial identification and typing and for the first time applied it to the field of microbiology, 

specifically medical microbiology and environmental microbiology. These targets in medical 

and environmental microbiology were approached through case studies. Additionally, to 

analyse reduced-representation sequencing data, I developed specifically for this thesis a 

bioinformatics pipeline, Currito3.1 DNA Fragment Analysis Software, for bacterial 

identification and strain typing. 

 The first case study is described in Chapter 2, where I used previously identified and 

typed bacterial isolates provided by the Pathology Department of The Canberra Hospital as 

a reference set to validate the proposed method. Additionally, I used as a control the genomic 

DNA of Eschericha coli O157 (EDL 933) certified reference standard, which has a publicly 

available whole genome sequence assembly (Perna et al., 2001). DNA extractions were 

performed on all bacterial isolates, followed by applying reduced-representation sequencing 

using pairs of restriction enzymes.  Three different pairs of restriction enzymes were tested: 

PstI with MseI, PstI with HpaII and MseI with HpaII, to evaluate identification and typing 

results based on the composition, size and genome coverage of the resulting genomic 

fractions. Answering the first specific question: a) Can reduced-representation sequencing 

be used in bacterial identification and strain typing?  All 165 bacterial isolates were correctly 

identified to species level by all enzyme combinations. Strain typing results performed on 35 

samples, showed that 34% agreed with results provided by the hospital. In depth strain typing 

was effective when the bacterial sequence database contained assemblies which were 

genetically identical or nearly identical to the samples studied. The second specific question 
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was: b) What modifications can be made in protocol and analytics to improve reduced-

representation sequencing for this application? Results from these experiments showed that 

all three combinations of enzymes, regardless of differences in genome coverage, ranging 

from 2.25% to 10.41%, produced identical identification results at the genus and species 

level. The effectiveness of species identification, and in particular, strain typing is clearly 

dependent on access to a comprehensive and taxonomically accurate bacterial genome 

sequence database containing relevant bacterial strains. The third question was: c) How 

does reduced-representation sequencing compare with existing methods? The technology 

was able to detect bacterial strains to species level with 100% agreement to standard 

laboratory identification methods. The disadvantage of this method is the length of time 

required, as the average turnaround time is 14 hours for the assay and the pipeline to produce 

results. Even though this technology is not as fast as benchtop analysis or MALDI-TOF, the 

technology would be particularly well suited for use in outbreak management and infection 

control programs as a cost-effective alternative to whole genome sequencing.  

 The second case study had the focus of investigating the use of reduced-

representation sequencing data for bacterial identification of microorganisms from 

environmental studies, and is described in Chapter 3. The identification, isolation and 

characterisation of novel microorganisms from environmental samples is an active field of 

scientific endeavour, in particular, for thermophilic bacteria, which are a potential source of 

thermostable enzymes of industrial and technological interest (Memarpoor-Yazdi, 

Karbalaei-Heidari, & Khajeh, 2017; Narwal, Saun, Dogra, & Gupta, 2016; Raza, Sabri, 

Rehman, & Hasnain, 2017). Reduced-representation sequencing offers potential significant 

advances over commonly applied techniques, particularly those that rely on short-read 

sequences from a single gene (Ghodhbane-Gtari, Nouioui, Chair, Boudabous, & Gtari, 

2010). The usual procedures for such studies involve sampling from marine and geothermal 
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environments, and isolating bacteria for study. Commonly partial or complete 16S ribosomal 

RNA gene sequence is used to identify organisms and select novel organisms for further 

study (Adiguzel et al., 2009; Chaudhuri, Chowdhury, & Chattopadhyay, 2017). Based on a 

review of the available literature, I undertook sampling and isolation of thermophilic bacteria 

from multiple environments where thermophiles are known to occur, such as domestic hot 

water systems (Bagh, Albrechtsen, Arvin, & Ovesen, 2004; Brock & Boylen, 1973), 

commercial compost (Finore et al., 2017; Strom, 1985) and artesian bores in the Great 

Artesian Basin in South Australia and Queensland (Byers, Stackebrandt, Hayward, & 

Blackall, 1998; Spanevello & Patel, 2004; Wynter et al., 1996) and applied reduced-

representation sequencing to identify isolates and select candidate strains for whole genome 

sequencing.  Some of the sampling locations represented extreme environments with high 

temperatures up to 98°C.  

To answer the fourth specific question:  d) Can reduced-representation sequencing 

be used for discovery of novel microorganisms?  The study resulted in the isolation of 99 

bacterial strains of the thermophilic genera Anoxybacillus, Geobacillus Parageobacillus and 

Brevibacillus. A number of novel species were discovered within this set of bacterial isolates. 

The method of identification using reduced-representation sequencing was applied to all 

samples and was validated by comparative results of whole genome sequencing on eight 

selected bacterial isolates. The eight isolates were selected to represent samples ranging from 

likely novel species up to those which were nearly identical to existing sequenced genomes. 

The results showed that this novel method of bacterial identification produced results in 

complete agreement with the results produced by whole genome sequencing and represents 

a major advance over the conventionally applied methods for bacterial identification from 

environmental samples. In particular, this method of identification provides an effective way 
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to select samples for further study or whole genome sequencing, avoiding wasteful 

sequencing of unintended duplicate genomes.  

 As a continuation and expansion on the second case study, a phylogenetic analysis 

and comparative genomic study of three bacterial genera was done for the placement of the 

seven genomes derived from the study in Chapter 3. In this section, a combined 

phylogenomic analysis of the genera Geobacillus, Parageobacillus and Anoxybacillus has 

revealed problems in the delimitation of these genera, which would not be revealed if each 

were considered alone. It was discovered though this comprehensive phylogenetic analysis, 

that one of the seven genomes sequenced for Chapter 3, which was assigned to the genus 

Geobacillus on the basis of the closest matching genome assembly, actually belongs to the 

genus Parageobacillus. The affinity of the closest available genome had not been correctly 

determined, as was also the case with numerous other species within these closely related 

genera. The phylogenetic study demonstrated clearly the dangers of considering a single 

genus in isolation if this genus is part of a larger group of closely related genera.  

5.1 Key findings 

 Reduced-representation sequence data is useful for identification and all complexity 

reduction methods compared were equally effective when tested in a medical microbiology 

context. Reduced-genomic representations containing between 3 to 10 % of the bacterial 

genome provided identical alignment-based identifications to whole genome data in all the 

cases tested.  

 This method has advantages over some of the most popular existing methods such as 

sequencing of partial or whole 16S rRNA genes; however, large and well curated genome 

databases are a key to utilising this or any sequence-based identification techniques.  
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 In the study of thermophiles, a broad diversity of samples from the genera 

Anoxybacillus, Geobacillus and Parageobacillus were isolated from a range of sampling 

locations and environments in Australia. The genus Geobacillus was primarily present in 

samples derived from hot water systems and compost. The genus Anoxybacillus and 

Geobacillus were both present in samples derived from bore water and bore drains sediments.  

 The comparison of reduced-representation sequencing with whole genome 

sequencing for identification of a subset of these samples showed results in complete 

agreement.  

 The taxonomy of the genera Anoxybacillus, Geobacillus and Parageobacillus is more 

complex than currently recognized, with a clearly distinct clade containing some 

Anoxybacillus species clustering more closely to, but not within, the Geobacillus and 

Parageobacillus clades. Additionally, the recently created genus Parageobacillus is 

confirmed to be distinct from Geobacillus, although some of the recently described species 

of Geobacillus were actually found to belong to Parageobacillus. The former Geobacillus 

clade is partitioned into three distinct clades, consisting separately of Geobacillus, 

Parageobacillus, and a third clade which it is suggested should be elevated to a new genus, 

Quasigeobacillus gen. nov. 

5.2 Future studies 

Generally, isolates with an average nucleotide identity (ANI) value of less than 95-96% from 

the nearest relative are considered as potential new species (Aliyu, Lebre, Blom, Cowan, & 

De Maayer, 2016). In this research, there were 12 isolates which have not yet undergone 

genome sequencing, but are potentially novel species, based on the reduced-representation 

sequencing results. Within the 99 strains isolated for Chapter 3, there are a total of nine 

Anoxybacillus isolates with a mean BLAST percentage identity ranging from 94.36% to 
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95.60% and three Geobacillus isolates with mean BLAST percentage identity ranging from 

85.43% to 95.90%.  

 The taxonomic evidence discussed in Chapter 4 shows a problem with current 

delimitation of some of the species within Anoxybacillus, Geobacillus and Parageobacillus. 

Specifically, genomes of Geobacillus subterraneus strain K and Geobacillus uzenensis strain 

BGSC 92A1 appear to represent the same organism with two species names, as the calculated 

ANI value between these two is 100% and the AAI value is 99.96%. ANI Values above ~95-

96% imply that genomes may belong to the same species (Richter & Rosselló-Móra, 2009). 

In practice there is a large variation in ANI and AAI values between and within species of 

these genera. Similarly, there are other misclassified genomes, such as the two species 

Anoxybacillus amylolyticus, and Anoxybacillus vitaminiphilus which showed inconsistent 

positioning among the trees produced by differing methods and could not be clearly resolved 

into any of the three existing genera or the new genus. Further study in these areas may help 

to resolve some of these issues. 

 In conclusion, reduced-representation sequencing is recommended as an alternative 

high-resolution identification method, until whole-genome sequencing becomes cheap and 

practical enough to be performed in routine analysis. I consider reduced-representation 

sequencing to be valuable as a first step identification method in any project which is 

intending to perform genome sequencing on unknown isolates in order to reduce duplication 

in sequencing of identical or near identical strains. 
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Abbreviations  

16S rRNA:  16S ribosomal ribonucleic acid. 
2D: two dimensions.  
ADSRRS: Amplification of DNA surrounding rare restriction sites.  
AFLP: Amplified fragment length polymorphism.  
AP - PCR: Arbitrarily primed PCR. 
API: Analytical profile index 
BESS: Base excision sequence scanning. 
BMS: Bruker microflex mass spectrometry.   
bp: base pair.  
CFLP: Cleavage fragment length polymorphism. 
CSGE: Conformation-sensitive gel electrophoresis. 
ddF: Dideoxy fingerprinting.  
DNA: Deoxyribonucleic acid.  
dNTP: nucleoside triphosphates containing deoxyribose.   
E. Coli: Eschericha coli.  
EMD: Enzymes mismatch detection. 
ERIC – PCR: Enterobacterial repetitive intergenic analysis. 
FISH: Fluorescence in situ hybridisation  
FTIR: Fourier transform infrared spectroscopy.  
GBS: Genotyping by sequencing.  
GC FID: Gas chromatography with a flame ionization detector. 
GNB: gram - negative bacilli. 
GNC: gram - negative cocci. 
GPB: gram - positive bacilli. 
HRM: High resolution melting analysis. 
Ion Torrent proton / PGM sequencing: 
ITS: Internal transcribed spacer.  
Klebisella pneumoniae: K. pneumoniae. 
LH – PCR: Length- heterogeneity PCR. 
LM – PCR: Ligation mediated polymerase chain reaction. 
LSU - D2: large subunit, D2 region. 
MALDI TOF MS: Matrix assisted laser desorption / ionization time of flight mass 
spectrometry.  
MIDI: Microbial identification system. 
MLST: Multilocus sequence typing.  
MLVA: Multiple locus variable – number tandem repeat analysis. 
MLVA: Multiple locus variable number tandem repeat. 
MRSA: Methicillin – resistant Staphylococcus aureus. 
MSSA: Methicillin-sensitive Staphylococcus aureus. 
MTBE: Methyl tert-butyl ether. 
NGS: Next generation sequencing. 
NIR FT: Near IR Fourier transform. 
PCA: Principal component analysis. 
PCoA: Principal coordinates analysis.  
PCR - MP: Polymerase chain reaction melting profiles.   
PCR RFLP: Restriction fragment length polymorphism. 
PCR: Polymerase chain reaction. 
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PFGE: Pulsed – field gel electrophoresis. 
PGC: gram - positive cocci.  
PHAs: Polyhydroxy alkenoates.  
PLFA: Phospholipid fatty acid. 
qPCR: Quantitative polymerase chain reaction.  
qRT – PCR: Quantitative real - time polymerase chain reaction.  
RAPD: Random amplified polymorphic DNA. 
REAP: Restriction endonuclease analysis of plasmids. 
Rep – PCR: Repetitive element palindromic polymerase chain reaction.  
SBS: Sequencing by synthesis.  
SGM: slowly growing mycobacteria. 
SSCP: Single stranded conformation length polymorphism. 
TGGE: Temperature gradient gel electrophoresis. 
TRFLP: Terminal restriction fragment length polymorphism. 
UMD: Universal Microbe Detection. 
VBNC: Viable but not cultivable. 
VNTR: Variable number tandem repeat. 
WGS: Whole genome sequencing. 
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Introduction  

Bacterial identification methods are essential for medical, environmental and industrial 

purposes. Medical applications of these methods include diagnosis, treatment and surveillance 

of pathogens of humans and animals. Environmental applications of bacterial identification 

methods are not as extensively studied as in medical areas, but are used to identify bacteria that 

be applied for specific purposes, such as bioremediation of water, soil or air. Moreover, certain 

types of bacteria are used for the creation of bio fertilizers and bio pesticides that now provide 

environmentally friendly alternatives to increment production yields in agriculture. The 

development of new applications in these areas relies on the isolation and identification of new 

bacterial strains for testing and development. The discovery of new bacteria living in unusual 

environments provides the opportunity to obtain new enzymes with potential for industrial 

applications. Microorganisms that thrive in extreme environments, such halophiles, 

thermophiles, psychrophiles and barophiles, are valuable for their extreme characteristics, for 

example living in high or low temperatures. Replicating the environmental conditions in which 

these bacterial samples were collected is a challenge in many instances. Setting up artificially 

in a lab the optimal conditions to grow enough bacteria for a DNA extraction, is a limitation 

for the discovery of new extremophile bacteria.  

Common methods used for bacterial identification include biochemical tests and 16S 

ribosomal RNA gene sequencing. Biochemical tests provide general results on bacterial 

identification can misidentify species (Petti, Polage, & Schreckenberger, 2005). On the other 

hand, 16S ribosomal RNA gene sequencing can potentially identify species, but it is often 

necessary to design specific primers to target the bacterial group of interest. Alternatively, 

using universal primers for ribosomal RNA sequencing is not always successful. Designing 

primers to identify bacteria requires a previous knowledge of the ribosomal genetic sequence 

and it is known that bacteria can have up to seven different ribosomal sequences across the 

genome (Větrovský & Baldrian, 2013) that can potential produce misleading information. 

 In the past decade, next-generation sequencing technologies (Metzker, 2010) have 

facilitated greatly enhanced access to genetic information of living organisms. Partly as a result 

of the completion of draft whole human genome, sequencing technologies were improved and 

now are accessible for most scientists. In recent years, the matrix-assisted laser desorption 

ionization time-of-flight mass spectrometry (MALDI - TOF MS) has emerged as a new 

technique that considerably reduces identification time for bacteria; however, the 

reproducibility of results can be variable if specific parameters are not set properly and it is 
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reliant on an existing reference databases (Williams, Andrzejewski, Lay, & Musser, 2003). 

Identification methods can be classified according to their use, either bacterial identification or 

bacterial strain typing. Bacterial identification refers to identifying a particular strain of interest 

up to the genus level. Bacterial strain typing refers to classifying bacteria up to the species level 

and may also include evaluating other characteristics, such as toxin production, virulence or 

antibiotic resistance. 

Bacterial identification methods can be broadly classified in two sections: methods that 

are inexpensive and provide a limited resolution, and methods that are costly but highly 

accurate. Inexpensive but low-resolution methods include biochemical tests, Sanger 

sequencing of 16S ribosomal RNA genes, and sequencing of housekeeping genes. Expensive 

high-resolution methods generally involve whole genome sequencing or re-sequencing.  

This compendium describes bacterial identification methods and bacterial strain typing 

methods used up to this day (Figure 1).  Some methods can be used for bacterial identification, 

some other methods can be used for strain typing and some methods can be used for both 

purposes. 
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Figure 1. Bacterial identification and strain typing methods1.  

                                                 
1 Abbreviations: Next generation sequencing (NGS), 16S-23S rRNA gene internal transcribed spacer (ITS), Multiple locus variable number tandem repeat (VNTR) analysis (MLVA), Multilocus 

sequence typing (MLST), Amplified fragment length polymorphism (AFLP), Repetitive element palindromic PCR (Rep – PCR), Clustered regularly interspaced short palindromic repeats (CRISPR), 
PCR Restriction fragment length polymorphism (PCR RFLP), Random amplification of polymorphic DNA (RAPD), Ligation mediated PCR (LM – PCR), PCR melting profiles (PCR MP), Amplification 
of DNA surrounding Rare Restriction Sites (ADSRRS), Single strand conformational polymorphisms (SSCP), Base excision sequence scanning (BESS), Denaturation gradient gel electrophoresis 
(DDGE), High resolution melting analysis (HRM), Pulsed – field gel electrophoresis (PFGE), Restriction enzyme analysis of plasmid (REAP), Cleavage fragment length polymorphism (CFLP), 
Analytical Profile Index (API). 
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Bacterial identification 

Bacterial identification distinguishes among microorganisms. Rapid identification of 

microbial strains is essential for treatment of infectious diseases, preventing their spread, and 

containing outbreaks. Common procedures involve detecting the source of contamination, such 

as food, humans, environment, animals etc; followed by culturing in media, isolation, and 

testing antibiotic resistance with antibiograms. The tools most commonly used for bacterial 

identification within the pathology lab include MALDI-TOF, 16S rRNA and biochemical tests 

(Ruppitsch, 2016). 

For decades, the traditional bacterial identification methods based on biochemical and 

physiological characteristics have been used because of the simplicity and affordability of these 

techniques. However, disadvantages of these methods include obtaining unreliable results and 

long processing times of up to 6 weeks (Pacheco, 2009). Methods used for bacterial 

identification include a variety of technologies that use biochemical tests, DNA sequencing and 

mass spectrometry. Each one of these methods has advantages and disadvantages that can be 

assessed depending on the needs of the expected outcome.  

 

Bacterial strain typing 

Bacterial strain typing is important for epidemiology studies, to create and target strains 

that can be a threat for the public health. While the focus of bacterial identification is primarily 

on identifying strains up to the genus level, bacterial strain typing refers to the classification of 

bacteria to species or sub species (MacCannell, 2013). The concept of strain typing may include 

aspects which are sometimes classified separately under phenotyping, such as identifying the 

presence of toxin, virulence and antibiotic resistance genes. 

 

Phenotyping 

Phenotyping bacteria involves evaluating characteristics such as morphology, 

biochemical properties, toxin production, serology, pathogenicity, antibiotic resistance and 

other observable characteristics (W. Li, Raoult, & Fournier, 2009). Phenotyping 

microorganisms found in unusual and extreme environments using biochemical tests can be 
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challenging due to the difficulties involved in replicating the optimal growth conditions 

required to culture them in a laboratory. Proper choice of media and culture conditions is 

essential for phenotyping of bacteria and for isolation for DNA extraction. 

 

Biochemical tests 

Biochemical tests are commonly used to identify bacteria according to the culture media 

in which they grow and continue to be used in microbiology as a daily routine in laboratories.  

Furthermore, they can be differentiated according to their biochemical properties when they 

metabolise various substrates, producing detectable changes (Dortet, Poirel, & Nordmann, 

2012).  

Historically, phenotyping methods were commonly used for bacterial identification 

because they are affordable and also able to identify bacterial strains to the genus level. 

Currently these techniques still in use and are frequently used in combination with other 

techniques such as infrared spectroscopy, mass spectrometry and genotyping by sequencing.  

Bacterial identification using phenotyping techniques is applied in food, health and 

environmental areas related to research and industry. Microbiological procedures can be time 

consuming and expensive; however, these techniques are still being used for research purposes. 

For example, bacterial phenotyping was performed during the identification of 157 bacterial 

isolates obtained from cheese to determine lactic acid bacteria (Turhan & Öner, 2015). 

 

Analytical Profile Index (API)  

This is method uses 20 miniature biochemical tests for identification of gram positive 

and gram-negative isolates up to the species level. This is also used for identification of 

pathogens. The processing time varies from 2 to 48 hours for bacteria (Logan & Berkeley, 1984; 

Smith, Tomfohrde, Rhoden, & Balows, 1972). Bacterial identification using API includes a 

range of applications in various areas. For example, the evaluation of microbiological quality 

in dairy industry (Turhan & Öner, 2015); detection of pathogens in cosmetic and pharmaceutic 

industry (Zeitoun, Kassem, Raafat, Aboushlieb, & Fanaki, 2015); identification of bacterial 

species in environmental microbiology (Christ et al., 2017) and workplaces (Ławniczek-

Wałczyk, Gołofit-Szymczak, Cyprowski, Stobnicka, & Górny, 2017). 
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DNA banding patterns methods 

Bacterial identification and subtyping have important applications in epidemiological 

studies, because they allow tracking the source of infection in an outbreak.  DNA banding 

patters use restriction enzymes to differentiate bacterial strains depending on the size of the 

DNA fragments obtained in the banding pattern (Olive & Bean, 1999). 

 

Pulsed – field gel electrophoresis (PFGE) 

PFGE was developed in 1983 by Schwarts and Cantor as a method to fraction large 

molecules.  This technique uses restriction enzymes to separate molecules of 10 kb to 10 Mb 

and differentiates the fingerprint of DNA molecules, produced by the alternation of electric 

fields during the mobility of DNA molecules in agarose gel.  PFGE is considered to be the gold 

standard for bacterial typing and it used to differentiate bacterial isolates in hospitals (W. Li et 

al., 2009). 

The principle of this technique is based on the mobility of molecules using alternated 

electrical fields. Unlike a conventional electrophoresis that sieves small molecules, PFGE 

moves large molecules snaking changing directions through the agarose gel by intermittent 

changes of charges that separate by size dependant reorientation. PFGE does not require primer 

design but relies on the selection of restriction enzymes. This technique is known to be 

reproducible and discriminatory for epidemiological studies of microorganisms. In recent years, 

researchers who have used PFGE during years, compared this technique against whole genome 

sequencing (WGS). Their results showed that samples of vancomycin – resistant pathogens 

such as Enterococcus faecium, methicillin – resistant Staphylococcus aureus and Acinetobacter 

baumannii, that were indistinguishable with PFGE were successfully typed with WGS. The 

conclusion of this research demonstrated that PGFE has a low resolution and produces false 

positive and false negative results (Herschleb, J., Ananiev, G., & Schwartz, 2007). 

 

Restriction enzyme analysis of plasmid (REAP) 

REAP is a technique used to digest the plasmid with restriction enzymes, variations in 

the patterns when the plasmid has a different conformation or if it is too big, such as the plasmid 

of Staphylococcus aureus. Plasmids are known to be transferred between bacterial species. 

Moreover, plasmids carry antibiotic resistance genes (Wolska, 2012). However, some bacteria 
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can carry more than one plasmid (Eckhardt, 1978) and some others, such as P. aeruginosa, do 

not carry plasmids at all (Bi et al., 2016). The absence of plasmids restricts the analysis of 

plasmid patterns. Depending on the conformation of the plasmid, the migration of this through 

the gel may vary and the same bacteria can produce different patterns (Thomas & Weber, 2001).  

 

Maxam – Gilbert sequencing 

This DNA sequencing method was proposed by A. M. Maxam and W gilbert (Maxam, 

1977). The method consisted in labelling DNA fragments, followed by identification of the 

position of each base. The samples were separated by electrophoresis and patterns observed 

determined the position of each base. The process chemistry requires single stranded or double 

stranded DNA to be labelled with P32 in either end of the sequence and reads up to 100 bases. 

This method was used for DNA sequencing of termination peptide chains in bacteria (Craigen, 

Cook, Tate, Caskey, & Em, 1985). 

 

Cleavage fragment length polymorphism (CFLP) 

This technique was proposed in 1996 as a method to identify mutations in genetic 

sequences using Cleavage I, which is a genetically modified enzyme, in Mycobacterium 

tuberculosis. The original technique has three steps: 1) increasing the temperature until the 

double stranded DNA is separated; 2) cooling down and adding the enzyme; 3) enzymatic 

cleavage; 4) visualisation of fragments in the bacteria(Brow et al., 1996) and hepatitis C virus 

(Marshall et al., 1997). Eventually, CFLP was also used for detection of localized nucleic acid 

mutations in DNA fragments. Unlike previous versions, the new method modified and replaced 

the temperature optimization step, by a temperature ramping procedure that allows that any 

DNA fragments can be analysed to detect mutations (Oldenburg & Siebert, 2000). A similar 

technique to CFLP, denominated conformation - sensitive gel electrophoresis (CSGE) was 

compared with SSCP to detect polymorphisms in the BRCA1 gene, the results showed that 

CSGE has more sensitivity to detect mutations in sequences with high AT content (Markoff et 

al., 1998). Applications of CFLP are scarce; however, some publications in which this 

technique was used to detect pathogens and simultaneously to test antibiotic resistance (Heisler, 

Brow, Arruda, Neri, & Fors, 1998).  
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RiboPrinter®System 

RiboPrinter system is an automated method for bacterial identification that uses 

fragments from the ribosomal RNA genes to produce a unique fingerprint for each bacterial 

strain. It is able to identify in some cases to the strain level. This technology provides results in 

less than eight hours; however, this method cannot discriminate bacterial strains with similar 

ribosomal sections. Identification of bacterial isolates is important for pathogen detection 

Riboprinter has been used for ribotyping of Vibrio parahaemolyticus in patients and seafood, 

that in combination with other methods provides useful information for tracing pathogens 

(Dalsgaard, Forslund, & Fussing, 1999). 

Distinction of species of Burkholderia cepacia complexes and Burkholderia gladioli 

were done to compare the performance of RiboPrinter with and other techniques such as PFGE 

to detect some other genetic differences. Results of this research showed that Riboprinter has a 

considerable advantage to in detection of fragments and provides high resolution results, 

allowing to identify strains below the species level (Brisse et al., 2000). Other applications 

include the use of RiboPrinter for an indoor airborne bacterial profile to detect opportunistic 

pathogens in a restaurant in Hong Kong, as a method to commit with air quality safety 

guidelines (P. L. Chan, Yu, Cheng, Chan, & Wong, 2009).   

 

PCR based methods 

Traditional bacterial identification methods can take days before accurate results are 

obtained. Emerging technologies combine the use of primers and PCR to amplify fragments 

that are distinctive to particular bacterial strains. Depending on presence / absence or size of 

PCR fragments observed in electrophoresis gels, results can be interpreted. This approach 

allows detecting antibiotic resistance, identifying and typing bacterial strains in hours (Järvinen 

et al., 2009). Common PCR based methods such as AFLP, RFLP, RAPD, PCR – MP and some 

commercial service providers are described in the following section.  

 

Amplified fragment length polymorphism (AFLP) 

This technique uses double digestion with restriction enzymes, followed by a ligation 

step with common adaptors on both ends. Subsequently, the amplification of restriction 

fragments using primers that contain complementary sequences to the common adapters and 
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the restriction site sequence. In this technique, one of the primers is radioactively labelled and 

are visualized using autoradiographs  (Janssen et al., 1996).  

AFLP has various applications in genotyping of bacterial isolates of the same species; one 

example is the identification of Photobacterium isolates from salmon products. P. 

Phosphoreum is known to be a spoilage microorganisms of marine species; however, there is 

an ambiguous phylogenetic classification of strains in the Photobacterium group (Jérôme, 

Macé, Dousset, Pot, & Joffraud, 2016). This technique continues to be applied as a method for 

bacterial detection in hospitals and it is considered as a standard method for identification 

(Reuland et al., 2015). 

 

Repetitive element palindromic PCR (Rep – PCR) 

Repetitive sequences in bacterial genomes can be used as a target for probes to identify 

bacterial strains. The digestion of genomic DNA with restriction enzymes is followed by 

amplification of fragments. After running it through an electrophoresis gel, it produces a 

distinctive banding pattern characteristic of bacterial strains.  Rep – PCR produces amplicons 

with unique sequences of various sizes that are separated with electrophoresis. The amplicons 

are complementary to the fragments in between the repetitive sequences located in the bacterial 

chromosome (Louws et al., 1998). The difference of RAPD and rep - PCR is that the second 

one requires two set of primers; these primers also anneal across the bacterial genome and 

produce a finite number of fragments. The pattern created with rep-PCR is called DNA 

fingerprint. This technology was used to distinguish closely related bacteria in medical and 

environmental microbiology. An example of this application includes the outbreak of 

Enterobacter aerogenes in Texas in 1995. Additionally, applications of Rep – PCR include the 

identification of methicillin resistant Staphylococcus aureus (MRSA) and Legionella 

pneumophila. REP primers were used for differentiation of bacterial strains mentioned (Bruijn, 

Lupski, & Weinstock, 1998). Another example of the application of Rep – PCR as a bacterial 

typing for 22 strains of Clostridium difficile and results were compared with PFGE and PCR 

ribotyping. The results showed that Rep – PCR and PFGE are comparable; however, PFGE was 

not able to type 4 of the bacterial isolates. On the other hand, ribotyping was able to identify 

only 7 of the strains. Rep – PCR showed a high discriminatory pattern by presenting multiple 

distinctive bands between the species of Clostridium (Spigaglia & Mastrantonio, 2003). 

Characterisation of pathogens such as Erwinia spp isolated from pineapple and papaya, 

was done using a rep – PCR method and successfully differentiated bacterial isolates 
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(Ramachandran, Manaf, & Zakaria, 2015). Other applications of bacterial identification include 

the use of rep – PCR for genetic diversity studies done in fish farms. This method allowed 

differentiating and showing the genetic diversity of Flavobacterium (Barony et al., 2015). 

 

Clustered regularly interspaced short palindromic repeats (CRISPR) 

CRISPR are short repeated sequences of similar lengths ranging from 24 to 48 bp  

(Jansen, Embden, Gaastra, & Schouls, 2002).  These direct repeat sequences can be amplified 

using a set of primers and can be used for evolutionary studies, depending on the acquisition or 

deletion of the direct repeat (Grissa, Bouchon, Pourcel, & Vergnaud, 2008). Microorganisms 

are known to adapt to the external environmental conditions to survive and thrive under extreme 

conditions. Therefore, the cells adapt to recognise and allow the intake of exogenous DNA 

without losing the genetic integrity of the cell. CRISPR can be considered as the immune system 

of bacteria because they can modify themselves in response to viral predation (Horvath & 

Barrangou, 2010). Applications of CRISPR include its use for identification of antibiotic 

resistance genes that combined with other tools, allow the alignment of plasmids. For example, 

this CRISPR was used identification of carbapenemase – encoding genes from bacterial isolates 

(Müller et al., 2016). 

 

PCR Restriction fragment length polymorphism (PCR RFLP) 

In the restriction fragment length polymorphism technique, genomic DNA is digested 

with restriction endonucleases to differentiate homologous DNA sequences of various lengths. 

The fragments generated are separated by electrophoresis and then by southern blot, followed 

by hybridisation with probes. The technique can be classified into single and multi-locus 

paradigms. It is commonly used for genetic disorders, paternity tests, mutations or deletions in 

the DNA and bacterial typing.  RFLP is used to look for alleles with a genetic linkage. A 

disadvantage of this technique includes the need of skilled technicians to perform the technique 

(Botstein, White, Skolnick, & Davis, 1980). 

A complementary technique denominated TRFLP (Terminal restriction fragment length 

polymorphism was created to characterize bacterial communities. TRFLP uses the fragments 

generated by the digestion with RE enzymes of RFLP and amplify using known primers to 

compare if specific bands are present or not using sequencing by capillarity (W. T. Liu, Marsh, 

Cheng, & Forney, 1997). 
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DNA fragments obtained from amplification and digestion with restriction enzymes; 

produce a pattern in the agarose gel  (Saiki et al., 1985). According to the pattern observed, 

bacteria and some viruses can be typed. This technique is useful with some bacteria such as 

Bartonella henselae and Neisseria meningitides. An advantage of PCR – RFLP is that it does 

not require further Southern blot, on the other hand, this method is complicated to apply when 

the DNA fragment is large to digest with restriction enzymes (Thomas & Weber, 2001). 

 

Random amplification of polymorphic DNA (RAPD) 

RAPD is a variation of PCR; it is also known as arbitrarily primed PCR (AP - PCR). 

This method is done using random short length primers (< 10 bp) that produce amplicons of 

different sizes, it does not require a previous knowledge of a DNA sequence and anneals at low 

temperatures (Lynch & Milligan, 1994). RAPD requires the design of one sequence of primers 

that anneals and prime multiple places across the bacterial genome. An important variable to 

consider for RAPD is the primer design, selecting a long sequence may not amplify many 

fragments, as opposite, a primer with a small number of nucleotides may result in producing 

many small useless fragments. Therefore, choosing a proper length primer will produce a finite 

number of medium size fragments that can produce a distinctive pattern when the amplified 

material is loaded into a gel (Powell et al., 1996). 

 

Ligation mediated PCR (LM – PCR) 

The length of sequences and the GC content of fragments obtained after digestion with 

restriction enzymes, affects the melting temperature of genomic DNA fragments. Therefore, 

the thermal variations in the genomic DNA fragments from bacterial samples can be used to 

detect specific electrophoretic patterns. Reducing the denaturation temperature during the LM 

- PCR decreases the number of fragments amplified, because only single stranded DNA can be 

used as a template for amplification. As result of lowering the temperature, the electrophoretic 

pattern obtained for each bacterial strain is a specific fingerprint used for differentiation of 

bacterial isolates.  The difference of this technique based on various melting profiles and other 

techniques such as AFLP, is that PCR LM only amplifies the less stable fragments with similar 

length. AFLP requires the mutual distribution of two short DNA sequences for amplification 

(Masny, 2003). A modification of LM PCR for bacterial typing is the use of double digestion 

ligation mediated suppression PCR method. This method is able to differentiate and type 

bacteria in a single step.  The principle of this technique is based on identifying bacteria 
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according to the sequence, and typing according to the length of the sequence. This technique 

is able to differentiate bacterial complexes and it can be used as a fast method to discriminate 

closely related bacterial strains (Stojowska & Krawczyk, 2014). 

 

PCR melting profiles (PCR MP) 

PCR - MP uses low denaturation temperatures to amplify a limited number of single 

stranded DNA fragments that are used as a template for DNA synthesis. This technique is used 

for bacterial strain differentiation and it requires the digestion of genomic DNA with restriction 

enzymes at a lower temperature and increasing gradually the denaturation temperature until 

more stable fragments are amplified (Krawczyk, Leibner-Ciszak, Mielech, Nowak, & Kur, 

2009). Some researchers compared the use of PCR - MP and PFGE using samples from patients 

and the environment. Their research showed that PCR - MP is can be applied for 

epidemiological studies because it is rapid and reproducible (Krawczyk, Samet, Leibner, 

Śledzińska, & Kur, 2006). PCR - MP has been used to assess the genetic diversity of 

Pseudomonas syringae isolated from cherries, plum, peach and apricot. Results obtained 

allowed the creation of a dendrogram for cluster identification (Kałuzna, Puławska, & 

Sobiczewski, 2010). 

 

Amplification of DNA surrounding Rare Restriction Sites (ADSRRS) 

This technique was developed in 2001 to obtain genomic representations of bacterial 

DNA without previous knowledge sequencing information and it is based on three steps that 

include digestion with endonucleases, ligation to common adapters and PCR amplification of 

selected fragments with lengths between 182 to 1000 bp. The fragments are visualized by 

running an electrophoresis polyacrylamide gel (Masny, 2003). Bacterial typing has important 

applications for veterinary purposes; for example, typing pathogens isolated from goats. For 

instance, amplification of DNA surrounding rare restriction sites has been used as a 

fingerprinting method of Corynebacterium pseudotuberculosis strains.  This technique was 

compared with RAPD and BOX- PCR, results showed that ADSRRS can discriminate highly 

related bacterial isolates (Stefańska, Rzewuska, & Binek, 2008). 

 

Single strand conformational polymorphisms (SSCP) 

SSCP is a PCR based method used to detect a mutation in a region of interest in a DNA 

fragment that is separated by an electrophoresis polyacrylamide gel (Orita, Suzuki, Sekiya, & 
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Hayashi, 1989). Detections of mutations are visualised by an altered banding pattern in the gel. 

The principle of SSCP is based on using labelled primers during the PCR for further analysis; 

this can be done with crude ATP and polynucleotide kinase or with radioactive 

deoxynucleotides. This technique requires less PCR products for the analysis and produce 

fragments with less than 400 bp that allows a better detection of mutations. These mutations 

are detected by denaturing the double stranded fragments through electrophoresis and 

observation of variations in the mobility of the fragments (Hayashi, 1991). Traditional 

techniques used for identification of bacterial genes, can be time consuming and sometimes 

unreliable Therefore, a modification of the technique termed single strand conformation 

polymorphism (SSCP) was done for detection of SNPs in Yersinia enterocolitica. The modified 

technique used for SNP detection is denominated multi temperature SSCP. Results obtained by 

temperature variation can differentiate alleles in sequences of different lengths, demonstrating 

to be effective to identify SNPs in fragments with approximately 277 bp (Gierczynski, Jagielski, 

& Rastawicki, 2003). 

 

Base excision sequence scanning (BESS) 

This technique is a PCR based method used to recognize mutations and SNPs, moreover 

can be used for bacterial typing and identification. BESS requires the use of PCR to generate 

ladders of G and T that can be analysed in gels. The integration of uracil bases, instead of 

thymines during the PCR allows the removal of uracil with uracil glycosylase which will render 

the DNA strand susceptible to breakage when heated or with enzyme treatment, when run on a 

sequencing gel the base positions which originally contained thymines can be determined. This 

technique was applied to detect point mutations in breast cancer genes and bacterial typing 

(Hawkins & Hoffman, 1999; G. R. Taylor, 1999). 

 
Denaturation gradient gel electrophoresis (DDGE) 

DGGE – Denaturing gradient gel electrophoresis or TGGE - temperature gradient gel 

electrophoresis. This technique was used for microbial ecology and it was known as the 

microbial community fingerprinting. DGGE amplifies DNA using specific primers from 16S 

rRNA and produces fragments of the same length, that van be differentiated by sequencing 

results such as the GC content. Moreover, this technique has been used to provide details about 

microbial functionality of genes. Applications of PCR - DGGE for bacterial characterisation 

include analysis of Legionella species isolated from contaminated dental units, as a method to 

monitor this outbreak (Watanabe, Tamaki, Matsuyama, & Kokeguchi, 2016). Applications of 
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DGGE and TGGE in environmental microbiology have been described, showing the potential 

and limitations that these techniques face for use in environmental microbiology (Muyzer & 

Smalla, 1998). 

PCR - DGGE in combination with LH - PCR (length- heterogeneity PCR), can be used 

to detect bacterial microbiota. A research showed a comparison of both methods, using 

fermented and non-fermented food, from animal or vegetal sources and concluded that LH – 

PCR was able to identify several species not detected; however, this technique is limited to the 

availably of references in the database and they concluded that a modification and combination 

of both methods, could be promising progress in culture - independent methods for diversity 

studies of food microbiology (Garofalo et al., 2017).  

 

High resolution melting analysis (HRM) 

This technique is used to identify polymorphism in double stranded DNA samples. The 

first consist on performing a PCR to amplify amplicons of the desired DNA sequence and also 

adding a fluorescent dye to the double stranded DNA. The HRM process involves increasing 

the temperature from 50 °C to 95 °C until the double stranded DNA melt and consequently 

reducing the fluorescence of the sample. Specific samples may have a similar melting 

temperature; however, if there is a mutation, the temperature may vary. According to the 

organisms that contain various copies of the genes (alleles), the interpretation of these variations 

can be grouped into three possibilities: 1) wild – type or without mutations, 2) heterozygote in 

which either allele contains a mutation and 3) homozygote in which both alleles have mutations 

(S. Taylor, Scott, Kurtz, Fisher, & Patel, 2009) 

Applications of HRM in bacteria includes the identification of species of closely related 

strains of Lactobacillus casei; moreover the identification of pathogenic microorganisms in 

food analysis for detection of food adulteration (Iacumin et al., 2015). This technique has been 

applied to provide a rapid procedure for early identification of nosocomial infections caused by 

antibiotic resistant strains such as A. baumannii, E. coli, K. pneumoniae, P. aeruginosa and S. 

aureus (Wong, Chua, & Thong, 2014). High-resolution melting analysis combined with MLVA 

and MLST as a method to discriminate bacterial isolates of Listeria monocytogenes. This 

method can be replicated among labs and does not rely on sequencing or high-resolution 

electrophoresis (Ohshima, Takahashi, Iwakawa, Kuda, & Kimura, 2017). Applications of HRM 

include identification of the 16 S genes of pathogens in clinical microbiology. This process 

takes less than 4 hours and consists on amplification of fragments by PCR, followed by HRM 
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and final identification of pathogens by melting curves (Velez et al., 2017).  Similarly, HRM 

has been used for microbial typing by targeting the internal transcribed spacer (ITS) instead of 

16S rDNA. The combination of ITS HRM with algorithms, can type microorganisms from 

cultures with accuracy of 90 % to 95 % (Andini et al., 2017). 

 

DiversiLab 

The automated DiversiLab system is able to differentiate bacterial and fungal isolates 

up to species level using rep-PCR.  This method uses primers to amplify fragments between 20 

to 500 bp from across the bacteria genome. This technology performs size separation of 

fragments using a bioanalyzer, followed by analysis of samples showing similarities or 

dissimilarities. Then, the system generates a dendrogram, a scatter plot and a distance matrix 

using DiversiLab software. The reliability of DiversiLab was evaluated by comparing typing 

results of Staphylococcus aureus strains with PGFE results of the same strains. Results from 

DiversiLab and PFGE were comparable for 15 out of 19 outbreaks, from which each outbreak 

had between two to eleven isolates.  Results were obtained in less than 24 hours for DiversiLab, 

while PFGE took between 2 to 3 days (Shutt et al., 2005). 

DiversiLab has been used as a method for bacterial typing in Hospitals. Carbapenem – 

resistant Enterobacteriaceae such as NDM – 1 Klebisella pneumoniae strains, are a rising threat 

in a hospital in Turkey. In this research, antibiotic resistance genes in bacterial strains were 

tested with rep - PCR DiversiLab method, showing the relatedness of between strains (Karabay, 

Altindis, Koroglu, Karatuna, & Aydemir, 2016). DiversiLab was also compared with PFGE for 

detection of clonal relationship for K. pneumoniae showing that DiversiLab is able to produce 

highly discriminatory results rapidly (Koroglu et al., 2015). 

 

DNA hybridisation methods  

These techniques differentiate samples by hybridisation of genomic DNA with specific 

probes sets, designed for each particular application. Common applications are described in the 

following section.    

 
DNA macroarrays 

Macro arrays principle is based on the hybridisation of a known sequence and a 

synthetically designed fluorescently labelled probe. Probes are designed from an already known 

genetic sequence that binds to a target and the signal emitted by each spot after the hybridisation 
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can be measured to determine the presence of the target sequence in the sample (He, Isono, 

Shibuya, Tsuji, & Purushothama, 2012). 

 

DNA microarrays 

DNA microarrays work with the same principle as DNA macroarrays; however, they 

are smaller, affordable and contain hundreds to thousands of features. Applications of 

microarrays include targeting drug resistance genes known to be in Mycobacterium tuberculosis 

(A. K. Gupta et al., 2010). Other applications of microarrays include comparative genomic 

analysis of bacterial strains isolated from plants of economic importance. Xylella fasdidiosa 

strains were isolated from coffee plants in Brazil and were characterised with microarrays to 

determine phylogenetic groups prior of doing whole genome sequencing of selected strains 

(Barbosa et al., 2015). 

 
cDNA microarrays 

The complementary DNA is product of the synthesis of RNA and it is used for encoding 

protein expression in prokaryotes (Gubler & Hoffman, 1983).  DNA microarrays were used for 

detection of pathogens such as Salmonella enterica serovar typhimurium strain SL1344 in mice. 

This research was testing to combine a signature – tagged mutagenesis with microarrays. 

Results of this research allow detecting virulent bacteria and tracking their survival in mice (K. 

Chan, Kim, & Falkow, 2005). 

 

Oligonucleotide microarray 

These are synthetic short probes designed to detect a particular gene in a target 

individual with a known sequence.  These arrays can be used for parallel DNA hybridisation 

for rapid diagnosis and pathogens detection (Pease et al., 1994). Oligonucleotides were applied 

as high-throughput method for detection of bacterial pathogens in food. In this research, 

quantum dot – based oligonucleotide microarrays were used to sequence the 16S rRNA section 

and identify bacterial strains up to the genus level  (Huang et al., 2014). Oligonucleotides 

targeting the 16S – 23S rDNA internal transcribed spacer regions and the gyrase subunit B were 

used for detection of pathogens in drinking water. Results of this research showed reproducible 

results and high accuracy when detecting bacterial cultures (Zhou et al., 2011). 
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Fluorescence in situ hybridisation (FISH) 

This technique works by binding a fluorescent oligonucleotide probe to a segment of 

the chromosome to visualise the sequence complementarity of a sample. This cytogenetic 

technique is commonly used to detect chromosomal abnormalities; however, it has also been 

used for a rapid identification of pathogens from blood cultures in patients. A research study 

conducted to evaluate FISH with 115 positive blood culture bottles was able to detect 95 % of 

pathogens in 2.5 hours, without cultivation and bio typing of samples (Kempf, Trebesius, & 

Autenrieth, 2000). FISH is a useful technique to detect colonisation of bacteria in plants. This 

technique has been applied to characterise endophytic methanotrophs isolated from roots and 

stems from peatland plants (Stępniewska, Goraj, Kuźniar, Łopacka, & Małysza, 2017). 

Additional applications include detection of bacterial colonization in the roots of Brassica 

napus. The importance of detecting bacterial strains such as Sphingomonas, is due to the 

potential to enhance cadmium uptake from soil, while limiting accumulation of cadmium in the 

seeds  (Pan et al., 2017). Furthermore, identification of bacteria in crops can be used to favour 

production and reduce losses after harvesting products. For example, determining the 

colonisation levels of bacteria in Cucurbitaceae family allows assessing antagonist effects 

related to diseases in plants (Glassner et al., 2015). 

 

DNAzymes 

DNAzymes are DNA enzymes that have been modified by selection of DNA sequences 

that are known to have specific characteristics of interest, such as catalysis, ligation and 

fluorescence (Achenbach, Chiuman, Cruz, & Li, 2004). The principle of this technique consists 

on a genetic sequence used as a cleavage site, when it binds to the desired sequence it emits 

fluorescence in real time (Y. Li, 2011). This technology can detect single cells and produce 

results in minutes or hours when it detects bacteria of interest (Aguirre, Ali, Kanda, & Li, 2012). 

Applications of DNAzymes include detection of bacteria using sensors that emit fluorescence 

when it is in contact with a specific bacterial strain (W. Zhang, Feng, Chang, Tram, & Li, 2016).  

 

Real Time PCR 

This technique detects on real time, the amplification of a specific molecule during PCR 

and emits fluorescence that can be used to quantify gene expression. This technique is also 

known as quantitative polymerase chain reaction (qPCR).  Real time PCR is a rapid technique 
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that produces results in less than 6 hours. This method is highly sensitive and detects aerobic 

and anaerobic bacterial rapidly (Melendez et al., 2010). Technologies based on RT – PCR are 

Multiplex RT – PCR and dye – terminator sequencing. These are described in the following 

section.  

 
Multiplex Real - time PCR 

Multiplex real - time PCR is used for detection and quantification of variants in a genetic 

sequence that varies in a specific probe binding site. Real - time PCR measures the fluorescence 

emitted during the PCR, the fluorescence emitted is considered to be proportional to the PCR 

product. The curve generated is used to calculate the exponential phase of the reaction. Some 

advantages of real - time PCR includes a high technical sensitivity (<5 copies) (Bustin, 2000) 

and  precision (<2% standard deviation) (D Klein et al., 2001). Disadvantages of real-time PCR 

include that PCR products increase exponentially, producing false negatives. There are limited 

fluorescent dyes for running simultaneous PCR reactions and there are overlaps in emission 

spectra. Microbiological applications of real-time PCR include diagnostic, typing and pathogen 

detection in the clinical, food and veterinary areas (Dieter Klein, 2002). 

 

Dye – terminator sequencing 

Bacterial identification in dairy products prevents transmitting infections such as 

Brucellosis, to humans by consumption of contaminated products. Conventional microbiology 

techniques such as culturing can take days, while molecular techniques based on PCR can also 

produce false positives by misleading the vaccine and the strain. A screening method was done 

to successfully differentiate these false positives. The procedure required performing a DNA 

extraction and doing reactions with a Roche Light Cycler Nano and Bio speedy Eva Green 

qPCR Pre-mix. False positives required a different qPCR-based method and were sequenced 

using an ABI Prism Big Dye Terminator cycle sequencing Ready Reaction kit (Kaynak-

Onurdag, Okten, & Sen, 2016). Other applications include the search of originalities in food 

biotechnology. Sequencing with big dye terminator was also done to investigate lactic acid 

bacteria with potential properties to be used as a probiotic (Sukumar & Ghosh, 2010). 
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Spectroscopy 

Spectroscopy studies and measures the spectra obtained by absorption or emission of 

materials  (Hollas, Abel, Davies, Phillips, & Woollins, 2002). These measurements are 

collected, analysed and compared with existing references to detect bacterial strains. 

Applications of spectroscopy in bacterial identification are: Raman spectroscopy, Fourier 

Transform infrared spectroscopy and commercial options such as BD Phoenix automated 

microbiology system. 

 

Raman spectroscopy 

This method was discovered in 1928 by Raman, and it is based on molecular vibrations 

that provide a unique fingerprint of molecules. It has various applications: in chemistry to 

identify chemical bindings; in physics for crystallography and detection of samples; in 

nanotechnology to observe the structure of wires and pharmacology to study the properties of 

pharmaceutics (Gardiner, Graves, & Bowley, 1989).                      Raman spectroscopy is able 

to detect isolated bacteria from clinical samples, environmental sources and food among others. 

Recent applications include the study of complex samples such as body fluids or food (Pahlow 

et al., 2015). The growing demand of rapid bacterial identification methods for clinical 

microbiology, food, veterinary and environmental applications, requires that new methods 

provide prompt results to diagnose or propose strategies towards an outbreak. 

 

Fourier transform infrared spectroscopy (FT – IR) 

This technique identifies and classifies bacteria with Fourier – transform infrared 

patterns (Helm, Labischinski, Schallehn, & Naumann, 1991).  This method uses computational 

tools to record and analyse the spectra emitted by the cells and detect chemical differences 

between strains (Zarnowiec, Lechowicz, Czerwonka, & Kaca, 2015). Fourier Transform IR is 

applied in combination with others, such as the Fourier Transform Ion Cyclotron Resonance 

Mass Spectrometer (FTICR MS) which provides high resolution results and allow a prompt 

identification of bacterial strains such as Synechococcus sp PCC7002 and Vibrio cyclitrophicus 

1F53 (Walker et al., 2017).  
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BD Phoenix™ Automated Microbiology System 

Rapid and reliable identification of pathogens is important when dealing with outbreaks 

that represent a threat for living organisms. BD Phoenix is able to detect bacteria and resistance 

markers without extra steps of incubation. It has features that allow to measure turbidity and 

oxidation – reduction indicators (Funke & Funke-Kissling, 2004). This system uses a modified 

conventional, fluorogenic and chromogenic substrates to identify bacterial strains and 

antimicrobial testing. The system inoculates samples into a panel that measures individual 

degradation of substrates. Fluorogenic substrates release fluorescence with certain compounds 

are hydrolysed; chromogenic substrates change colour when there is an enzymatic reaction. 

These changes are detected, collected and compared with references available in the database 

of this system (Tang & Stratton, 2013).   

 

Mass spectrometry 

A mass spectrometer measures the ratio of weight (mass) / charged particles (ions). 

These ions are accelerated, deflected in a magnetic field and detected when the particle is 

neutralised. The neutralisation is done when an electron binds to the ion, causing an increment 

in the electric current, that is proportional to the flow of ions (de Hoffmann, 2005).  Mass 

spectrometry-based methods, used for bacterial identification represent an option to reduce 

identification time; however, some disadvantages of this technique, are the limited references 

available and problems to identify closely related bacterial strains. A description of mass 

spectrometry-based technologies such as MIDI, VITEK MS, MALDI – TOF MS, CLIN – TOF 

and AccuGENX – ST is described in the following section.  

 

MIDI – Sherlock E - FAME - Microbial Identification Systems 

This technology analyses fatty acids from the samples using gas chromatography with 

a flame ionization detector (GC FID). This is mostly used to aerobic bacteria of medical 

importance, though it can be used for other purposes such as analysis soil phospholipid fatty 

acid (PLFA), key microbial rations and contaminants vs PLFA peaks, edible oils, marine oils, 

biofuel or fish oil among others.   This technology runs with a software called Sherlock™. The 

processing time ranges between 20 to 90 minutes depending on the sample. The data output 

consists on dendrogram plots, neighbour – joining trees, principal component analysis (PCA) 
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with 2D plots and histograms (Fykse et al., 2015), some applications of this technology include: 

animal science (Forsblom, Sarkiala-Kessel, & Jousimies-Somer, 2000) 

 . 

VITEK MS 

This technology is based on MALDI - TOF technology for identification. Samples are 

mixed with a matrix in a metal plate and then irradiated with a laser that vaporizes the matrix. 

To identify the samples, the mass to charge ratio is measured after the sample is electrically 

charged (Fang, Ohlsson, Ullberg, & Ozenci, 2012). Applications of VITEK MS are mostly 

related to identification of pathogens in human samples (Jamal, Albert, & Rotimi, 2014); 

however, there are some reports of research done in fish. Pathogens routinely detected include 

Nocardia species (Girard et al., 2017), Streptococci species (Angeletti et al., 2015), 

Staphylococci, Enterococci, and Lactobacilli (Priputnevich et al., 2016).  

 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI – TOF 

MS) 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry was 

developed originally for identification of proteins and it was until recent years that it was used 

for bacterial identification (Bizzini, Durussel, Bille, Greub, & Prod’hom, 2010; Holland et al., 

1996). This technology analyses microbial proteins and separate them by mass - charge ratios 

and produces a specific protein profile. These are compared with specific protein profiles from 

a microbial database and has a processing time is approximately 45 minutes per target plate of 

48 spots (Villanueva et al., 2004). 

 

CLIN-TOF 

This technology is a mass spectrometry-based technology equivalent to MALDI TOF, 

it is also used for microbial identification in the Chinese market. The process for microbial 

identification requires a microbial colony to be used for mass spectrometer detection. Each 

strain produces a unique signature that is compared with a Clin – TOF database. An application 

of this technology includes identification of bacterial isolates taken from saliva of adults with 

dental caries. The mass spectra acquired from each strain was used to identify isolates related 

to Lactobacillus (Y. Zhang et al., 2014).   
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AccuGENX - ST 

This technology is based on a Bruker MALDI biotyper, it works by throwing ionized 

proteins into bacterial isolates. These ionized proteins separate by size and emit a mass spectral 

profile that is compared with a MALDI - TOF reference library. If a sample does not match 

with any reference, it has an option for Accugenix ID that allows doing an ID follow up and it 

is used to build a new library.  The processing time can take up to 15 minutes per target plate 

of 48 spots. Data output consists on graph of spectral plots and a report of identification 

confidence level and closest match. Applications of Accugenix include its use for sequencing 

the 16S rRNA gene from twelve bacterial strains related to the genus of Cronobacter and 

Enterobacter. The process included performing a DNA extraction, amplification with universal 

primers, purification, fragment analysis and comparison of sequences obtained using 

Accugenix software and database (Zhu, Ratering, Schnell, & Wacker, 2011). 

 

DNA sequencing methods 

DNA sequencing is used to determine the order of a genetic sequence in a DNA 

molecule. Early beginning of DNA sequencing methods were done in 1970 by Ray Wu at 

Cornell University, who proposed the primer extension strategy (Onaga, 2014). Other 

principles used for DNA sequencing where also studied, such as chemical degradation of 

Maxam and Gilbert  (Maxam, 1977). Later in 1977, Frederick Sanger modified this principle 

and proposed a chain terminator inhibitor for DNA polymerase (Sanger, Nicklen, & Coulson, 

1977).  Since then, many changes and improvements have been done in DNA sequencing. From 

being able to obtain single sequences of a species, next generation sequencing methods or high 

– throughput sequencing allowed to access thousands of genetic sequences. The creation of 

these mass parallel sequencing technologies can produce a huge amount of data at a low cost, 

compared with the resources required to obtain the same data with previous techniques. The 

introduction of massive sequencing technologies revolutionised perspectives in science and 

made whole genome sequencing an approachable option for most biologic sciences. 

 

Sanger sequencing  

Sanger sequencing is described as a method in which an already known genetic 

sequence is used as a template, to produce fragments of various lengths (Sanger et al., 1977).  

This technique became rapidly used by scientist during at least three decades, because it allowed 
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to access genetic information without toxic chemicals and radioisotopes (Schuster, 2008). This 

method requires primers selected from already known species. The primers bind to a DNA 

template and nucleotides are incorporated by a DNA polymerase. Sanger sequencing-based 

methods are commonly used for identification of microorganisms; however, results can be 

inaccurate that can alter taxonomic classifications, for fungal species  (Tedersoo et al., 

2010). 

 

16S-23S rRNA gene internal transcribed spacer (ITS) 

A spacer is a term used for non-coding DNA sequences between genes in prokaryotes 

and eukaryotes. The spacer is formed by a small number of nucleotides, moreover it is known 

as intergenic spacer (IGS).  ITS is a method used to recognise spacers between the 16 S rRNA 

and 32 S rRNA and can be used to appraise bacterial genetic diversity. As result of its low 

selective constrain and fast adaptation, the ITS region allows to track the evolution of bacterial 

populations. Therefore, understanding the bacterial taxa can provide important information for 

evaluating bacterial diversity in ITS based techniques, because this region evolves differently 

across bacterial families (Stewart & Cavanaugh, 2007). The ITS sequences can be used for 

bacterial typing and identification. This is based in the principle that bacterial genomes are 

composed by: 16S rRNA gene, ITS sequence between 16S rRNA and 23S rRNA, 23S rRNA 

gene and a 5S rRNA gene. The analysis of these four components simultaneously, allows 

relating multiple genomes  (Gürtler, Subrahmanyam, Shekar, Maiti, & Karunasagar, 2014). 

 

Multiple locus variable number tandem repeat (VNTR) analysis (MLVA) 

This technique is a complementary to PFGE and is used to obtain a DNA fingerprint 

from bacterial isolates. MLVA is also used to differentiate bacteria that might show similarity 

with other methods such as PFGE. Some disadvantages of this technique include the lack of 

standardized protocols, requires an experienced technicians and specific protocols depending 

on the pathogen. To assist with interpretation of MLVA typing results, bioinformatics tools 

have been developed to assist with analysis of data before and after the experiments (Grissa et 

al., 2008). 

This technique is used for bacterial identification in epidemiology and it works by 

finding polymorphisms located in tandem DNA sequences. MLVA is generally used for 

homogeneous strains with similarities of 95 – 98 % and it is common to find more than twenty 

VNTR per genome. The VNTR are repetitive sequences of DNA distributed across the bacterial 
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genome that are clustered and oriented in the same direction. Applications of this technique 

include the use for M. tuberculosis, Bacillus anthracis, Yersinia pestis, Staphylococcus aureus, 

Pseudomonas aeruginosa, and Legionella pneumophila (Grissa et al., 2008; Lindstedt, 2005). 

 

Multilocus sequence typing (MLST) 

MLST was proposed in 1998 as a standardized and reproducible method for typing of 

human pathogens. The first research done with this technique was performed in Neisseria 

meningitidis, and since then it has been useful for analysis and pathogens surveillance (Ibarz 

Pavón & Maiden, 2009). MLST is usually used for bacterial typing in microbiology labs and 

relies on the analysis of seven housekeeping genes with lengths of 450 to 500 bp.  The 

differences obtained in a gene are considered alleles and each one receives an allele number 

related to a specific sequence (Jolley, Chan, & Maiden, 2004)  

MLST has been commonly used as a typing method in epidemiological outbreaks and 

surveillance of pathogens. MSLT in combination with NGS, instead of amplicon sequencing 

provides more sequencing information for typing; however, MLST data obtained with NGS 

technologies require bioinformatics skills for assembly and alignment of sequences that can be 

time consuming and non-suitable for practical applications. With the aim of creating a tool to 

reduce time of bacterial typing, new tools such as string MLST were crated to simplify bacterial 

typing from raw data (A. Gupta, Jordan, & Rishishwar, 2017).  

Pyrosequencing  

Pyrosequencing is sequencing by synthesis technology used to produce short fragments 

between 25 – 250 bp. It is one of the early technologies used to detect SNPs in bacteria. The 

principle of this technique is based on targeting a DNA sequence using PCR, followed by 

denaturation of the double stranded DNA. Then, the single stranded DNA produced, is used as 

template to generate the complementary sequence. Finally, the expected DNA sequence is 

obtained by detecting the light emission generated by releasing pyrophosphate each time one 

of the four nucleotides is added into the template. The results of the pyrogram show a plot with 

peaks indicating the nucleotide present in the DNA sequence produced (Ronaghi, Uhlen, & 

Nyren, 1998). Applications of this technology show bacterial diversity in organic-rich soils 

(Gardner et al., 2012).  
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Next generation sequencing (NGS) 

Next generation sequencing (Metzker, 2010) is massive parallel sequencing of generally 

short reads derived from a large pool of input sequences. It differs from Sanger sequencing by 

producing millions of reads, each derived from a potential unique input sequence.  

MPSS quantifies and identifies individual molecules of mRNA during gene expression. 

Gene expression can be defined as the phenotypic manifestation of genes during transcription 

and translation. This technology works by converting the complementary DNA with a reverse 

transcriptase, followed by adding a tag and amplifying by PCR. The sequences are coupled to 

microbeads and the signature is detected from each bead by hybridisation of fluorescently 

labelled probes (Brenner et al., 2000). 

Massive parallel sequencing provides a large amount of data, allowing understanding 

of variations in microbial populations.  In comparison with Sanger sequencing base methods, 

MPS, is able to increase three-fold the detection of bacterial strains. Applications of MPS for 

studies of bacterial populations in human brain abscesses have enabled the association of certain 

types of microbes with different stages of the infection (Kommedal et al., 2014). 

In microbiology, the use of benchtop sequencers provides the opportunity of obtaining 

a large amount of data that was not possible to obtain with traditional culturing techniques. 

Mass parallel sequencing equipment such as MiSeq, Ion torrent PGM and Roche 454 allow to 

access and draft microbial genomes to understand and deal with bacterial outbreaks (L. Liu et 

al., 2012). 

A comparison of sequencing results among labs using different next generation 

sequencing technologies (NGS) and 16S rRNA produced an interesting result. In this research 

three variables were evaluated: conserved positions, ratio of 16S rRNA genes that represent 

recognized modifications and variations in 16S rRNA genes. Results obtained showed that 

variations in the 16S rRNA gene were only recognized with NGS technologies, in which reads 

were long and there was augmented depth coverage (Olson et al., 2015). 

 

MicroSEQ 

MicroSEQ is a microbial identification system commercialised by Thermofisher; it is 

used to detect bacteria, yeast and fungi. The method relies on the comparison of ribosomal 

subunits of microorganisms. The small ribosomal subunit 16S rRNA is used to identify bacteria 

(Hall, Doerr, Wohlfiel, & Roberts, 2003) and the large subunit, LSU-D2 and ITS, are used to 
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identify fungi and yeast (Arbefeville, Harris, & Ferrieri, 2017). It allows identifying 

microorganisms in approximately 5 hours. This system has been applied for diagnosis of 

pathogens in humans, animals, food and pharmaceutical industry processes among others. 

 
Helicos 

Helicos used single molecule fluorescent sequencing method to detect the order of 

nucleotides.  This next generation sequencing method uses DNA fragments hybridized into 

flow-cells, in which fluorescent nucleotides are added and detected by imaging. The 

fluorescence emitted by each nucleotide allows identifying their position on simultaneous 

sequences. This method reduces the bias by not amplifying fragments (Thompson & Steinmann, 

2010). Helicos was reported to have flat overage with various percentages of GC. A protocol 

describing this method was published, focusing on identification of SNPs, and variations in 

bacterial genomes, without performing amplification of fragments (Steinmann, Hart, 

Thompson, & Milos, 2011). 

 

Illumina sequencing (Solexa)  

The origins of Illumina were by the mid 1990’s, where two scientists were observing 

the movement of polymerases synthesising DNA using fluorescent nucleotides. The studies 

were modified towards testing massive parallel sequencing for high-throughput of DNA 

sequencing. These experiments set the basis for the sequencing by synthesis (SBS) technology 

(Blom, 2013). 

Applications of MiSeq as a technology include a molecular characterisation of a 

genetically modified Bacillus subtillis used in food additives (Paracchini et al., 2017)  Also 

identification and characterisation of lactic acid bacteria found in sourdough  (Michel et al., 

2016). 

 

Ion Torrent proton / personal genome sequencing 

This technology works by fragmenting the DNA into fragments of 200 bp, binding 

barcodes or tags and amplifying fragments using emulsion PCR. The molecules are placed in a 

slid, with flowing dNTPs, buffers and polymerases. The Ion Torrent system releases one 

nucleotide at a time and washes them away cyclically. During the sequencing, the polymerase 

binds nucleotides to the template releasing an H+ ion and reducing the pH. The reduction of the 

pH emits a signal indicating the presence of a particular nucleotide (Parson et al., 2013). 
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Ion torrent PGM is a benchtop sequencing equipment that produces a high throughput 

of (80 – 100 Mb/h)with a homopolymer associated indel error of 1.5 errors per 100 bases and 

can be used for bacterial identification, drafting bacterial genomes among other applications 

(Loman et al., 2012). 

 

Nanopore sequencing 

This method is used to measure nucleotides and identify their order in DNA fragments.  

The technology uses cellular membranes such as alpha hemolysin (α HL) and mycobacterium 

smegmatis porin A(MspA) with pores from 1 to 10 nm long, to pass DNA molecules in ionic 

solutions through the pores. The movement occurs by applying constant electric voltage on 

each side of the membrane and enzymes such as polymerases to control the speed. As the DNA 

passes through the nanopore, the nucleotides are identified by measuring associated changes in 

ionic conductivity (Branton et al., 2008). 

 

Oxford nanopore sequencing 

Oxford Nanopore sequencing uses an electrically polymer resistant membrane with 

protein nanopores located on the surface. The membrane has a voltage and using an ionic 

current, the DNA passes through the nanopore creating a disruption in the current. Each 

nucleotide produces a particular change in the current, allowing identifying the order of 

nucleotides in a DNA strand. The library preparation takes approximately five minutes and 

produces long reads (5,000 bp – 200,000 bp) in real time. This technology provides the 

alternative to sequence samples on the field and obtaining results in minutes. Some of the 

Oxford nanopore devices such as MinION and SmidgION are portable. MinION is a portable 

device that can be connected with a 3.0 cable to a laptop. Each flowcell can produce an output 

between 10 – 20 Gb in 48 hours. SmidgION is a portable device that can work connected to a 

smartphone. Applications of these devices include environmental research, food analysis and 

pathogen detection in agricultural samples (Cao et al., 2016). 

MinION is a promising technology that can identify bacteria up to the species level 

using amplicons. The general process requires a library preparation, indexing and sequencing, 

without amplification. Therefore, the waiting time is reduced considerably and tests can be 

performed on the field; however, it is likely that this technology will require to be improved to 

reduce the error rate, estimated to be 30 % (Kilianski et al., 2015) 
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Polony sequencing 

The polony sequencing consists on adding pair end tags to DNA templates. The polony 

sequencing consists on ligation on short fragments based on similarity. Research done using 

Polony sequencing in bacteria include studies of evolved bacterial genomes (Shendure et al., 

2005). This technique was developed by George Church and was used to sequence the genome 

of Escherichia coli (Kumar, 2012). 

 

Roche 454 

Roche 454 sequencing requires fragmentation of DNA into segments of approximately 

1000 bp, followed by annealing of adapters onto both ends of the fragments. Each fragment is 

bound to a bead prior to amplification by PCR. The amplification produces a bead covered with 

PCR fragments. Each bead is located into a well containing buffers and a polymerase. 

Nucleotides are then released respectively emitting a light signal at the time of binding to the 

template. This process repeats cyclically producing fragments of various lengths, depending on 

the nucleotides added during each cycle. The results per read are calculated by detecting the 

signal density emitted during each wash (Mardis, 2008). Profiling bacterial communities allows 

identifying and diagnosing infectious diseases such as mastitis in bovines.  Roche 454 

sequencing has been used for detecting the 16S rRNA genes from bacterial isolates obtained 

from milk samples, in which results indicated an increase in the density of microorganisms 

when a disease such as mastitis is present. The observations show that seven microorganisms 

are linked to the presence of this disease  (Kuehn et al., 2013). 

Similarly, studies were done to understand genomic diversity by determining presence 

or absence of genes in bacterial isolates.  Microorganisms were isolated from the roots of 

Medicago lupulilna plants or hop clover. These were sequenced by Roche 454 shotgun 

sequencing and their results demonstrated the transference of genes between isolates as an 

adaptation strategy, in which some genes are likely to be transferred on the same mobile element 

(Bailly et al., 2011). Compared with existing technologies, next – generation sequencing 

technologies have provided an opportunity to obtain large amounts of high-quality data. Further 

research done to evaluate NGS technologies available in 2012, such as Roche 454 was the 

amplification of MLST genes that are used for bacterial typing. In this study, 575 bacterial 

isolates were sequenced using a general protocol of fragment amplification, indexing, pooling 

of samples and sequencing. The outcome of this research represented the beginnings of NGS 

for microbial typing (Boers, van der Reijden, & Jansen, 2012). 
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Single molecule SMRT sequencing  

Pacific Biosciences (PacBio) is a biotechnology company created in 2004, originally 

named Nanofluidics. Their technology is based on single molecule real time sequencing 

(SMRT), which produces long reads and facilitates de novo genomic assembly, detection of 

isoform genes and methylation. Identification of bacterial species using SMRT has been applied 

to understand the bacterial communities of traditional dairy products from Mongolia. Results 

suggest that geographical location affect the levels of bacteria during fermentation process 

(Gesudu et al., 2016). SMRT sequencing has been used for determining methylomes in 

Mycoplasma genitalium and Mycoplasma pneumoniae. These studies allowed creating a 

methylome profiling in bacteria, by identifying the methylation sites in the genome and the 

methyltransferase controlling these changes (Lluch-senar et al., 2013). 

 

Solid / ABI sequencing 

ABISOLiD 4 sequencing has been used for metatranscriptome analysis to determine 

microbial adaptation in fermented milk (Bisanz, Macklaim, Gloor, & Reid, 2014). Back in 2009 

there was a scarcity of programs available to assemble large amount of short – read sequences 

for de novo assembly (Hossain, Azimi, & Skiena, 2009). A few years later, emerging 

technologies provided another approach to study pathogens, where three NGS platforms were 

compared: 454 GS – FLX, Illumina GAIIx and ABISOLiD4.0. Each technology showed some 

gaps during assembly but a combination of all methods created a better assembly (Wang et al., 

2012); however, alignment of data remained to be a challenge for most platforms (Blom et al., 

2011). 
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Appendix 2.1 List of samples from clinical patient specimens and 

environmental sources. 

Source Sample ID Hospital results 
Clinical patient specimens  16CRE023 C. amalonaticus 
Clinical patient specimens  15CRE003 C. freundii 
Clinical patient specimens  15CRE013 C. freundii 
Clinical patient specimens  15CRE032 C. freundii 
Clinical patient specimens  15CRE042 C. freundii 
Clinical patient specimens  15CRE044 C. freundii 
Clinical patient specimens  15CRE047 C. freundii 
Clinical patient specimens  16CRE001 C. freundii 
Clinical patient specimens  16CRE004 C. freundii 
Clinical patient specimens  16CRE012 C. freundii 
Clinical patient specimens  16CRE026 C. freundii 
Clinical patient specimens  16CRE032 C. freundii 
Clinical patient specimens  15CRE087 E. aerogenes 
Clinical patient specimens  15CRE008 E. cloacae complex 
Clinical patient specimens  15CRE011 E. cloacae complex 
Clinical patient specimens  15CRE012 E. cloacae complex 
Clinical patient specimens  15CRE020 E. cloacae complex 
Clinical patient specimens  15CRE041 E. cloacae complex 
Clinical patient specimens  15CRE056 E. cloacae complex 
Clinical patient specimens  15CRE063 E. cloacae complex 
Clinical patient specimens  15CRE065 E. cloacae complex 
Clinical patient specimens  15CRE074 E. cloacae complex 
Clinical patient specimens  15CRE077 E. cloacae complex 
Clinical patient specimens  15CRE078 E. cloacae complex 
Clinical patient specimens  16CRE016 E. cloacae complex 
Clinical patient specimens  16CRE019 E. cloacae complex 
Clinical patient specimens  16CRE020 E. cloacae complex 
Clinical patient specimens  16CRE024 E. cloacae complex 
Clinical patient specimens  16CRE025 E. cloacae complex 
Clinical patient specimens  16CRE036 E. cloacae complex 
Clinical patient specimens  15CRE059 E. coli 
Clinical patient specimens  15CRE091 E. coli 
Clinical patient specimens  15CRE096 E. coli 
Clinical patient specimens  16CRE008 E. coli 
Clinical patient specimens  2013_ENT01 Enterococcus faecium 
Clinical patient specimens  2013_ENT04 Enterococcus faecium 
Clinical patient specimens  2013_ENT06 Enterococcus faecium 
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Clinical patient specimens  2013_ENT08 Enterococcus faecium 
Clinical patient specimens  2013_ENT12 Enterococcus faecium 
Clinical patient specimens  2013_ENT16 Enterococcus faecium 
Clinical patient specimens  2013_ENT18 Enterococcus faecium 
Clinical patient specimens  2013_ENT21 Enterococcus faecium 
Clinical patient specimens  2013_ENT26 Enterococcus faecium 
Clinical patient specimens  2013_ENT29 Enterococcus faecium 
Clinical patient specimens  2013_ENT38 Enterococcus faecalis 
Clinical patient specimens  2013_ENT43 Enterococcus faecium 
Clinical patient specimens  2014_ENT02 Enterococcus faecium 
Clinical patient specimens  2014_ENT03 Enterococcus faecium 
Clinical patient specimens  2014_ENT06 Enterococcus faecium 
Clinical patient specimens  2014_ENT09 Enterococcus faecium 
Clinical patient specimens  2014_ENT11 Enterococcus faecium 
Clinical patient specimens  2014_ENT13 Enterococcus faecium 
Clinical patient specimens  2014_ENT15 Enterococcus faecium 
Clinical patient specimens  2014_ENT17 Enterococcus faecium 
Clinical patient specimens  2014_ENT19 Enterococcus faecium 
Clinical patient specimens  2014_ENT22 Enterococcus faecium 
Clinical patient specimens  2014_ENT24 Enterococcus faecium 
Clinical patient specimens  2014_ENT25 Enterococcus faecium 
Clinical patient specimens  2014_ENT27 Enterococcus faecium 
Clinical patient specimens  2014_ENT29 Enterococcus faecium 
Clinical patient specimens  2014_ENT30 Enterococcus faecium 
Clinical patient specimens  2014_ENT31 Enterococcus faecium 
Clinical patient specimens  2014_ENT32 Enterococcus faecium 
Clinical patient specimens  2014_ENT37 Enterococcus faecium 
Clinical patient specimens  2014_ENT39 Enterococcus faecium 
Clinical patient specimens  2014_ENT41 Enterococcus faecium 
Clinical patient specimens  2014_ENT42 Enterococcus faecium 
Clinical patient specimens  2014_ENT45 Enterococcus faecium 
Clinical patient specimens  2014_ENT49 Enterococcus faecium 
Clinical patient specimens  2014_ENT67 Enterococcus faecium 
Clinical patient specimens  2014_ENT68 Enterococcus faecium 
Clinical patient specimens  2014_ENT70 Enterococcus faecium 
Clinical patient specimens  2014_ENT73 Enterococcus faecium 
Clinical patient specimens  2014_ENT74 Enterococcus faecium 
Clinical patient specimens  2015_ENT04 Enterococcus faecium 
Clinical patient specimens  2015_ENT06 Enterococcus faecium 
Clinical patient specimens  2015_ENT07 Enterococcus faecium 
Clinical patient specimens  2015_ENT09 Enterococcus faecium 
Clinical patient specimens  2015_ENT11 Enterococcus faecium 
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Clinical patient specimens  2015_ENT13 Enterococcus faecium 
Clinical patient specimens  2015_ENT22 Enterococcus faecium 
Clinical patient specimens  2015_ENT24 Enterococcus faecium 
Clinical patient specimens  2015_ENT25 Enterococcus faecium 
Clinical patient specimens  2015_ENT30 Enterococcus faecium 
Clinical patient specimens  2015_ENT31 Enterococcus faecium 
Clinical patient specimens  2015_ENT33 Enterococcus faecium 
Clinical patient specimens  2015_ENT36 Enterococcus faecium 
Clinical patient specimens  2015_ENT37 Enterococcus faecium 
Clinical patient specimens  2015_ENT38 Enterococcus faecium 
Clinical patient specimens  2015_ENT40 Enterococcus faecium 
Clinical patient specimens  2015_ENT41 Enterococcus faecium 
Clinical patient specimens  2015_ENT51 Enterococcus faecium 
Clinical patient specimens  2015_ENT53 Enterococcus faecium 
Clinical patient specimens  2015_ENT56 Enterococcus faecium 
Clinical patient specimens  15CRE039 H. alvei 
Clinical patient specimens  15CRE004 K. oxytoca 
Clinical patient specimens  15CRE007 K. oxytoca 
Clinical patient specimens  15CRE019 K. oxytoca 
Clinical patient specimens  15CRE055 K. oxytoca 
Clinical patient specimens  15CRE057 K. oxytoca 
Clinical patient specimens  15CRE057 K. oxytoca 
Clinical patient specimens  15CRE060 K. oxytoca 
Clinical patient specimens  16CRE002 K. oxytoca 
Clinical patient specimens  16CRE017 K. oxytoca 
Clinical patient specimens  16CRE029 K. oxytoca 
Clinical patient specimens  15CRE031 K. pneumoniae 
Clinical patient specimens  15CRE049 K. pneumoniae 
Clinical patient specimens  15CRE049 K. pneumoniae 
Clinical patient specimens  15CRE054 K. pneumoniae 
Clinical patient specimens  15CRE067 K. pneumoniae 
Clinical patient specimens  15CRE071 K. pneumoniae 
Clinical patient specimens  15CRE079 K. pneumoniae 
Clinical patient specimens  16CRE005 K. pneumoniae 
Clinical patient specimens  16CRE011 K. pneumoniae 
Clinical patient specimens  16CRE013 K. pneumoniae 
Clinical patient specimens  16CRE015 K. pneumoniae 
Clinical patient specimens  16CRE018 K. pneumoniae 
Clinical patient specimens  15CRE052 M. morganii 
Clinical patient specimens  16CRE034 M. morganii 
Clinical patient specimens  15CRE69 P. rettgeri 
Clinical patient specimens  15CRE018 S. marcescens 
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Clinical patient specimens  2013_SAP05 Staphylococcus aureus 
Clinical patient specimens  2013_SAP17 Staphylococcus aureus 
Clinical patient specimens  2013_SAP21 Staphylococcus aureus 
Clinical patient specimens  2013_SAP35 Staphylococcus aureus 
Clinical patient specimens  2013_SAP40 Staphylococcus aureus 
Clinical patient specimens  2013_SAP41 Staphylococcus aureus 
Clinical patient specimens  2013_SAP74 Staphylococcus aureus 
Clinical patient specimens  2013_SAP78 Staphylococcus aureus 
Clinical patient specimens  2013_SAP81 Staphylococcus aureus 
Clinical patient specimens  2013_SAP91 Staphylococcus aureus 
Clinical patient specimens  2014_SAP01 Staphylococcus aureus 
Clinical patient specimens  2014_SAP08 Staphylococcus aureus 
Clinical patient specimens  2014_SAP15 Staphylococcus aureus 
Clinical patient specimens  2014_SAP51 Staphylococcus aureus 
Clinical patient specimens  2014_SAP54 Staphylococcus aureus 
Clinical patient specimens  2014_SAP59 Staphylococcus aureus 
Clinical patient specimens  2014_SAP60 Staphylococcus aureus 
Clinical patient specimens  2014_SAP65 Staphylococcus aureus 
Clinical patient specimens  2015_SAP01 Staphylococcus aureus 
Clinical patient specimens  2015_SAP11 Staphylococcus aureus 
Clinical patient specimens  2015_SAP14 Staphylococcus aureus 
Clinical patient specimens  2015_SAP16 Staphylococcus aureus 
Clinical patient specimens  2015_SAP31 Staphylococcus aureus 
Clinical patient specimens  2015_SAP40 Staphylococcus aureus 
Clinical patient specimens  2015_SAP47 Staphylococcus aureus 
Clinical patient specimens  2015_SAP49 Staphylococcus aureus 
Clinical patient specimens  2015_SAP50 Staphylococcus aureus 
Clinical patient specimens  2015_SAP75 Staphylococcus aureus 
Clinical patient specimens  2015_SAP78 Staphylococcus aureus 
Environmental 26ENVIRO C. freundii 
Environmental 33ENVIRO C. freundii 
Environmental 34ENVIRO C. freundii 
Environmental 37ENVIRO C. freundii 
Environmental 38ENVIRO C. freundii 
Environmental 17ENVIRO E. asburiae 
Environmental 21ENVIRO E. asburiae 
Environmental 22ENVIRO E. asburiae 
Environmental 27ENVIRO E. asburiae 
Environmental 68ENVIRO E. asburiae 
Environmental 23ENVIRO K. oxytoca 
Environmental 24ENVIRO K. oxytoca 
Environmental 25ENVIRO K. pneumoniae 
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Environmental 29ENVIRO K. pneumoniae 
Environmental 30ENVIRO K. pneumoniae 
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Appendix 2.2 Table showing samples found to contain more than one 

organism. 

 

 

Sample ID Results provided by 
the Hospital 

Complexity-reduced 
 genotyping organism 1 

Complexity-reduced  
genotyping organism 2 

15CRE011 E. cloacae complex Enterobacter cloacae Escherichia coli  
15CRE020 E. cloacae complex Enterobacter cloacae Escherichia coli  
15CRE69 P. rettgeri Providencia rettgeri  Klebsiella pneumoniae  
16CRE024 E. cloacae complex Enterobacter cloacae Escherichia coli  
16CRE036 E. cloacae complex Enterobacter cloacae Escherichia coli  
2014_SAP15 Staphylococcus aureus Staphylococcus aureus Bradyrhizobium sp. 
2014_SAP60 Staphylococcus aureus Staphylococcus aureus Bradyrhizobium sp.  
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Appendix 3.1 Identification results. 

 

TargetID SampleName InternalSampleName subjectAcc subjectTitle 

111973 B_fil_LB_pH6.8_a Birdsville_Bore_pH6 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

111974 B_fil_LB_pH6.8_b Birdsville_Bore_pH6.8 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

111975 B_mud_LB_pH6.8_a B. MUD12 NZ_LIOK01000001 Anoxybacillus suryakundensis strain DSM 27374 DSM_27374_01 

111979 B_mud_LB_pH6.8_b B. MUD12_clear/beige NZ_LIOK01000001 Anoxybacillus suryakundensis strain DSM 27374 DSM_27374_01 

111980 B_mud_LB_pH8 B._MUD1_pH8 NZ_JPOI01000001 Geobacillus vulcani PSS1 N685DRAFT_scf7180000000002 

111981 B_mud_PBT_pH6.0_a B._MUD11_PBT NZ_CP012152 Anoxybacillus gonensis strain G2 

111982 B_mud_PBT_pH6.0_b B. MUD12_PBT NZ_LVHY01000001 Geobacillus sp. 8 NODE_1 

111984 B_mud_PBT_pH6.0_c B._MUD_2_PBT NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

111985 CHfil_LB_pH8 CHfil_pH8_25/11/15 NZ_APCD01000001 Anoxybacillus flavithermus AK1 seq_num_001 

111986 CHMud_LB_pH5 CHMud_pH5_25/11/15 NZ_MQAD01000001 Anoxybacillus sp. 103 contig_1 

111987 CHMud_LB_pH6.8 CHMud_LB_Freez. _M._25/11/15 NZ_NADR01000001 Geobacillus sp. 46C-IIa scaffold_0 

111988 CHMud_LB_pH8 CHMud_pH8_25/11/15 NZ_MQAD01000001 Anoxybacillus sp. 103 contig_1 

111989 CHMud_PBT_pH6.0 CHMud_PBT_25/11/15 NZ_JRLC01000001 Anoxybacillus sp. BCO1 LR68_contig000001 

111990 MtGfil_LB_pH6.8_a MtGfil_LB_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

111991 MtGfil_LB_pH6.8_b MtGfil_LB_Freez. _M._25/11/15 NZ_JRLC01000001 Anoxybacillus sp. BCO1 LR68_contig000001 

111992 MtGfil_LB_pH8 MtGfil_pH8_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

111993 MtGfil_PBT_pH6.0 MtGfil_PBT_25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

111994 Mt_GMud_LB_pH5 Mt_GMud_pH5_25/11/15 NZ_APCD01000001 Anoxybacillus flavithermus AK1 seq_num_001 

111995 Mt_GMud_LB_pH6.8_a Mt_GMuda_LB_25/11/15 NZ_JRLC01000001 Anoxybacillus sp. BCO1 LR68_contig000001 

111996 Mt_GMud_LB_pH6.8_b Mt_GMudb_LB_25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

111997 Mt_GMud_LB_pH6.8_c Mt_GMud_LB_25/11/15 NZ_APCD01000001 Anoxybacillus flavithermus AK1 seq_num_001 

111998 Mt_GMud_LB_pH8 Mt_GMud_pH8_25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

111999 Mt_GMud_PBT_pH6.0 Mt_GMud_PBT_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112000 Mt_GODS_LB_pH5 Mt_GODS_pH5_25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112001 Mt_GODS_LB_pH6.8_a Mt_GODS_LB_Freez. _M._25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112002 Mt_GODSa_LB_pH6.8_b Mt_GODSa_LB_25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112003 Mt_GODSb_LB_pH6.8_c Mt_GODSb_LB_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 
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112004 Mt_GODSc_LB_pH6.8_d Mt_GODSc_LB_Freez. 
_M._25/11/15 

NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112007 Mt_GODSc_LB_pH8_a Mt_GODSc_pH8_25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

112102 Mt_GODSa_LB_pH8_b Mt_GODSa_pH8_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112106 MMfil_LB_25/11/15 MMfil_LB_25/11/15 NZ_APCD01000001 Anoxybacillus flavithermus AK1 seq_num_001 

112111 MMMud_1_LB_pH6.8 MMMud1_LB_25/11/15 NZ_JQMN01000001 Geobacillus subterraneus PSS2 N671DRAFT 

112119 MMMud_1_PBT_pH6.0 MMMud1_PBT_25/11/15 NZ_AYSF01000001 Geobacillus sp. MAS1 T260_scaffold1.1 

112120 MMMud_2_LB_pH5 MMMud2_pH5_25/11/15 NZ_JQMN01000001 Geobacillus subterraneus PSS2 N671DRAFT 

112121 MMMud_2_LB_pH6.8 MMMud2_LB_Freez. _M._25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

112122 MMMud_3_LB_pH6.8 MMMud3_LB_25/11/15 NZ_JQMN01000001 Geobacillus subterraneus PSS2 N671DRAFT 

112125 MMMud_3_LB_pH8 MMMud3_pH8_25/11/15 NZ_JQMN01000001 Geobacillus subterraneus PSS2 N671DRAFT 

112144 MMMud_3_PBT_pH6.0 MMMud3_PBT_25/11/15 NZ_BCQG01000001 Geobacillus jurassicus NBRC 107829 

112146 MMMud_4_LB_pH6.8_a MMMud_4a_LB_25/11/15 NZ_CP012152 Anoxybacillus gonensis strain G2 

112157 MMMud_4_LB_pH6.8_b MMMud_4b_LB_25/11/15 NZ_JRZG01000001 Anoxybacillus gonensis strain G2 AG-1_trimmed_contig_1 

112159 MMMud_4_LB_pH8_a MMMud_4_Ph8_A_25/11/15 NZ_JRZG01000001 Anoxybacillus gonensis strain G2 AG-1_trimmed_contig_1 

112162 MMMud_4_LB_pH8_b MMMud_4_Ph8_B_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112164 MMMud_4_PBT_pH6.0 MMMud_4_PBT_25/11/15 NZ_JQMN01000001 Geobacillus subterraneus PSS2 N671DRAFT 

112169 MMMud_5_LB_pH6.8_a MMMud_5_LB_Freez. _M._25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112179 MMMud_5_LB_pH6.8_b MMMud_5_LB_25/11/15 NZ_LVHY01000001 Geobacillus sp. 8 NODE_1 

112189 MMMud_6_LB_pH6.8_a MMMud_6_LB_25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112190 MMMud_6_LB_pH6.8_b MMMud_6_LB_Freez. _M._25/11/15 NZ_JYBP01000001 Geobacillus kaustophilus strain Et7/4 LG52.Contig21 

112192 MMMud_7_LB_pH5 MMMud_7_pH5_25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112196 MMMud_8_LB_pH5 MMMud_8_pH5_25/11/15 NZ_JPOI01000001 Geobacillus vulcani PSS1 N685DRAFT_scf7180000000002 

112197 MgnHotfil_LB_pH6.8 MgnHotfil_LB_25/11/15 NZ_JPOI01000001 Geobacillus vulcani PSS1 N685DRAFT_scf7180000000002 

112199 Mgn_CCG_LB_pH5 Mgn_CCG_pH5_25/11/15 NZ_JRZG01000001 Anoxybacillus gonensis strain G2 AG-1_trimmed_contig_1 

112200 Mgn_CCG_LB_pH8 Mgn_CCG_pH8_25/11/15 NZ_APCD01000001 Anoxybacillus flavithermus AK1 seq_num_001 

112201 MCWH_LB_pH6.8 MCWH_LB_25/11/15 NZ_APCD01000001 Anoxybacillus flavithermus AK1 seq_num_001 

112204 MR_LB_pH6.8 MR_LB_25/11/15 NZ_BASG01000216 Geobacillus kaustophilus GBlys 

112206 MR_LB_pH8 MR_pH8_25/11/15 NZ_PIZS01000125 Geobacillus thermodenitrificans strain OS27  

112208 Efil_LB_pH6.8_a Efil_LB_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112210 Efil_LB_pH6.8_b Efil_LB_25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112215 Efil_PBT_pH6.0 Efil_PBT_25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

112216 ECO3_PBT_pH6.0 ECO3_PBT_25/11/15 NZ_CP014335 Geobacillus thermoleovorans strain KCTC 3570 

112218 Kanufil_LB_pH6.8 Kanufil_LB_Freez. _M._25/11/15 NZ_JPOI01000001 Geobacillus vulcani PSS1 N685DRAFT_scf7180000000002 

112220 Dufil_LB_pH6.8 Dufil_LB_Freez. _M._25/11/15 NZ_CP025535 Anoxybacillus kamchatkensis strain G10 genome 0 

112221 Clfil_LB_pH6.8 Clfil_LB_25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 
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112224 Clfil_LB_pH6.8 Clfil_LB_Freez. _M._25/11/15 NZ_JXTG01000001 Anoxybacillus ayderensis strain AB04 contig000001 

112227 CLB_LB_pH6.8 CLB_LB_25/11/15 NZ_JRLC01000001 Anoxybacillus sp. BCO1 LR68_contig000001 

112229 LH_Mud_LB_pH6.8_a LH_Mud_LB_Freez. _M._25/11/15 NZ_JRZG01000001 Anoxybacillus gonensis strain G2 AG-1_trimmed_contig_1 

112235 LH_Mud_LB_pH6.8_b LH_Mud_LB_25/11/15 NZ_BCQG01000001 Geobacillus jurassicus NBRC 107829 

112238 LH_Mud_PBT_pH6.0 LH_Mud_PBT_25/11/15 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112239 DHWa DHW1 NZ_LVHY01000001 Geobacillus sp. 8 NODE_1 

112244 DHWb DHWF NZ_LVHY01000001 Geobacillus sp. 8 NODE_1 

112245 DSP1a DSP1a NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112249 DPS1b DPS1b NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112253 DSP2a DSP2a NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112258 DSP2b DSP2b NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112259 DSP3 DSP3 NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112260 DSP4a DSP4a NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112262 DSP4b DSP4b NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112265 DSP5a DSP5a NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112266 DSP5b DSP5b NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112271 DPS5c DPS5a NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112272 DSP6a DSP6 NZ_CP017692 Geobacillus lituanicus strain N-3 chromosome 

112274 DSP6b DSP6Q NZ_AYSF01000001 Geobacillus sp. MAS1 T260_scaffold1.1 

112275 DSP6c DSP6V NZ_AYSF01000001 Geobacillus sp. MAS1 T260_scaffold1.1 

112281 HTR HTR NZ_AYSF01000001 Geobacillus sp. MAS1 T260_scaffold1.1 

112284 DMW1 DMW1 NZ_CP017690 Geobacillus thermoleovorans strain ID-1 chromosome 

112286 CBSPa CBSP43 NZ_ABVH01000031 Geobacillus thermodenitrificans strain G11MC16 ctg89 

112288 CBSPb CBSP46 NZ_ABVH01000031 Geobacillus thermodenitrificans strain G11MC16 ctg89 

112289 CBSPc CBSP47 NZ_ABVH01000031 Geobacillus thermodenitrificans strain G11MC16 ctg89 

112293 MFBBa MFBBA NZ_NDYL01000001 Geobacillus galactosidasius strain DSM 18751 Contig_1 

112294 MFBBb MFBB1 NZ_CP020030 Geobacillus thermodenitrificans strain T12 chromosome 

112297 MFBBc MFBBE NZ_PIJH01000001 Geobacillus thermodenitrificans strain JSC_T9a scaffold_0 

112298 MFBBd MFBBG NZ_NDYL01000001 Geobacillus galactosidasius strain DSM 18751 Contig_1 

112300 MMBAa MMBA NZ_NDYL01000001 Geobacillus galactosidasius strain DSM 18751 Contig_1 

112302 MMBAb MMBA2 NZ_NDYL01000001 Geobacillus galactosidasius strain DSM 18751 Contig_1 

112306 MPCB MPCB NZ_CP020030 Geobacillus thermodenitrificans strain T12 chromosome 

112310 MPCC MPCC1a NZ_ABVH01000031 Geobacillus thermodenitrificans strain G11MC16 ctg89 

112312 NFOSA1 NFOSA1 NZ_ABVH01000031 Geobacillus thermodenitrificans strain G11MC16 ctg89 

112313 NFOSA2 NFOSA2 NZ_LVHY01000001 Geobacillus sp. 8 NODE_1 

112316 NFOSA3 NFOSA3 NZ_NDYL01000001 Geobacillus galactosidasius strain DSM 18751 Contig_1 
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TargetID subjectSeq 
Length 

sumOf 
ALignedLength 

numberOf 
AlignmentPositions 

coverage 
Length 

coverage 
% 

mean% 
identity 

max% 
identity 

min% 
identity 

meanGap 
Length 

maxGap 
Length 

numberOf 
Gaps 

111973 2835997 20756 326 60850 2.14563 98.4217 100 79.71 13537.3 159038 205 

111974 2835997 21034 330 61121 2.15519 98.325 100 79.71 13405.2 159038 207 

111975 2596657 21377 335 37072 1.42768 94.9227 100 79.71 13401 71184 191 

111979 2596657 21573 339 37301 1.4365 94.9588 100 79.71 13057.9 71184 196 

111980 3389115 57737 902 70635 2.08417 99.4 100 81.25 6468.77 58004 513 

111981 2803668 33991 539 40214 1.43434 96.973 100 80.597 8200.16 70859 337 

111982 3912200 44933 754 69861 1.78572 98.6048 100 80 7304.83 52382 526 

111984 2962568 31510 504 89086 3.00705 97.775 100 82.258 9239.49 63525 311 

111985 2633114 20343 321 87394 3.31904 99.0756 100 81.429 14301.8 70955 178 

111986 2724550 22809 357 34437 1.26395 98.3349 100 80.952 13122.5 94544 205 

111987 3477409 76087 1203 74957 2.15554 98.5341 100 80.303 5131.9 58018 663 

111988 2724550 25131 388 36286 1.33182 98.4298 100 80.952 12862.5 94544 209 

111989 2813751 28159 445 45633 1.62179 98.185 100 81.538 12697.8 126266 218 

111990 2835997 37791 626 65699 2.31661 98.4246 100 79.71 13991.4 127004 198 

111991 2813751 41514 679 53014 1.8841 95.4904 100 80 8468.52 43998 326 

111992 2835997 40398 680 66845 2.35702 98.2146 100 79.71 12761.1 90775 217 

111993 2962568 26111 426 64746 2.18547 94.8927 100 81.818 14937.2 90757 194 

111994 2633114 26560 422 92551 3.51489 97.394 100 79.71 10081.6 86958 252 

111995 2813751 35791 583 56880 2.0215 97.886 100 80.597 12531.2 126266 220 

111996 2962568 25971 406 102169 3.44866 99.3359 100 83.582 13181.6 105537 217 

111997 2633114 21917 347 88659 3.36708 99.0593 100 85.938 13462.7 145158 189 

111998 2962568 25721 401 101891 3.43928 99.3652 100 83.582 13305.5 105520 215 

111999 2835997 34175 543 70391 2.48205 96.6047 100 79.71 9037.93 58168 306 

112000 3766012 57108 890 135559 3.59954 99.0071 100 79.71 7063.14 45000 514 

112001 2835997 23279 370 61824 2.17997 98.4143 100 79.71 14011 174387 198 

112002 3766012 25676 439 111850 2.96999 97.1783 100 79.71 10293.4 57427 355 

112003 2835997 35876 593 65540 2.311 98.3558 100 79.71 13783.4 174387 201 

112004 2835997 28259 443 64354 2.26918 98.3055 100 79.71 13586.5 174387 204 

112007 2962568 50421 1070 95455 3.22204 96.5243 100 79.71 3113.04 35102 921 

112102 2835997 36125 594 66181 2.33361 98.2523 100 79.71 13127.1 174387 211 

112106 2633114 8754 140 101207 3.84362 98.0971 100 82.353 38952.4 238226 65 
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112111 3746791 45026 705 57104 1.52408 98.1491 100 80.882 8890.81 79860 415 

112119 3503407 24853 450 39142 1.11726 97.7362 100 79.71 9983.47 122574 347 

112120 3746791 55084 874 65313 1.74317 96.1003 100 79.71 6645.27 79860 554 

112121 2962568 22880 364 68289 2.30506 94.4108 100 79.71 12316.1 82706 235 

112122 3746791 45774 716 58072 1.54991 98.0611 100 80.882 8761.8 79860 421 

112125 3746791 43236 678 55825 1.48994 98.1351 100 80.882 9002.36 79860 410 

112144 3460742 54597 877 51568 1.49009 99.0467 100 81.967 6255.37 50255 545 

112146 2803668 22564 354 78872 2.81317 99.2576 100 84.058 14118.1 135059 193 

112157 2761075 21992 343 51654 1.87079 99.6491 100 84.848 14886.9 95129 182 

112159 2761075 21952 343 51704 1.8726 99.4918 100 84.848 14645.2 85202 185 

112162 2835997 31865 525 63685 2.24559 98.4097 100 79.71 12894.5 127021 215 

112164 3746791 38679 619 51529 1.37528 98.1048 100 80.882 9523.87 79860 388 

112169 3766012 57516 891 135755 3.60474 99.6021 100 80 7454.33 50482 487 

112179 3912200 71554 1124 93675 2.39443 99.293 100 81.69 5911.03 52516 646 

112189 3766012 56640 884 134921 3.5826 99.2484 100 79.71 7218.87 49099 503 

112190 3684418 1473 25 308899 8.38393 85.4285 97.222 79.71 140647 476497 24 

112192 3766012 70425 1122 95239 2.52891 95.8982 100 79.71 4994.25 51171 735 

112196 3389115 60177 953 71971 2.12359 97.5892 100 79.71 5670.33 58069 585 

112197 3389115 50796 801 63789 1.88217 99.3973 100 81.25 7276.42 58004 457 

112199 2761075 33094 534 46438 1.68188 95.5989 100 80.597 7561.66 81230 359 

112200 2633114 34788 569 93236 3.5409 98.9285 100 82.258 12958.6 62808 196 

112201 2633114 32069 522 92613 3.51724 99.0392 100 82.258 13028.2 62808 195 

112204 3552231 51437 819 61613 1.73449 99.8646 100 86.667 6967.3 63357 501 

112206 3450706 50884 797 48777 1.41354 99.6445 100 80.952 7395.5 60120 460 

112208 2835997 35383 578 66041 2.32867 98.1573 100 79.71 13127.8 127004 211 

112210 3766012 6200 110 102091 2.71085 95.8154 100 80.556 37009.3 159500 99 

112215 2962568 29999 496 65961 2.22648 94.8979 100 81.818 14778.6 90757 196 

112216 3499367 38289 623 71796 2.05169 98.08 100 81.159 8299.2 92510 413 

112218 3389115 52533 827 65783 1.94101 99.3867 100 81.25 7011.25 58004 474 

112220 2962568 30701 507 66017 2.22837 94.9239 100 81.818 14555.5 90757 199 

112221 2835997 34410 563 65321 2.30328 98.432 100 79.71 13993.3 127004 198 

112224 2835997 35203 577 65020 2.29267 94.3605 100 80.303 10456.5 56106 265 

112227 2813751 27762 437 36506 1.29741 97.3361 100 80.303 10401.7 91021 267 

112229 2761075 22520 351 52037 1.88466 99.5684 100 80.882 14723 95129 184 

112235 3460742 61909 983 59889 1.73052 98.3385 100 81.159 5823.38 36086 584 

112238 3766012 55848 871 134383 3.56831 99.0371 100 80.952 7191.34 45000 505 
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112239 3912200 66478 1052 89362 2.28419 99.2666 100 81.69 6308.31 51727 606 

112244 3912200 59237 954 82923 2.1196 98.8417 100 79.71 6479.32 50176 591 

112245 3499561 14611 227 62877 1.79671 98.1807 100 81.159 30146.4 151599 114 

112249 3499561 14531 227 62853 1.79603 98.1119 100 81.159 28879.9 121979 119 

112253 3499561 54458 867 113695 3.24884 98.58 100 81.159 6895.86 69286 491 

112258 3499561 53226 848 113175 3.23398 98.577 100 81.159 6910.99 65176 490 

112259 3499561 51638 830 111412 3.1836 98.61 100 79.71 7014.8 65241 483 

112260 3499561 55348 877 115035 3.28713 98.5514 100 81.159 6865.16 65176 493 

112262 3499561 54650 867 114381 3.26844 98.597 100 81.159 6894.46 65176 491 

112265 3499561 57945 919 151052 4.31631 98.2944 100 79.71 6427.08 65176 521 

112266 3499561 56816 904 150008 4.28648 98.3311 100 79.71 6453.86 65241 519 

112271 3499561 56284 896 149345 4.26754 98.3485 100 79.71 6569.05 65241 510 

112272 3499561 54808 872 114990 3.28584 98.5104 100 79.71 6675.68 65241 507 

112274 3503407 50500 793 72184 2.06039 98.3713 100 81.159 7331.67 87639 468 

112275 3503407 50904 798 72757 2.07675 98.3464 100 81.159 7192.14 86838 477 

112281 3503407 48766 770 70658 2.01684 98.2901 100 81.159 7334.93 87639 468 

112284 3766012 56451 875 170971 4.53984 99.6618 100 80.882 7474.1 81531 481 

112286 3546687 56351 885 71932 2.02815 99.3882 100 80.882 6669.4 57694 521 

112288 3546687 56999 891 74502 2.10061 99.8375 100 92.754 6835.01 57694 508 

112289 3546687 60578 942 77654 2.18948 99.827 100 92.754 6696.97 57694 518 

112293 3795080 23824 383 43348 1.14222 98.9727 100 83.582 16674.4 223033 225 

112294 3756591 51305 801 61344 1.63297 99.5894 100 83.051 7929.71 89136 466 

112297 3507229 10404 210 38543 1.09896 99.6644 100 90 19597.1 152671 177 

112298 3795080 23681 378 43415 1.14398 98.6507 100 79.71 16032.8 223033 234 

112300 3795080 29698 482 48629 1.28137 98.9983 100 83.582 12656.9 223033 296 

112302 3795080 22835 362 42514 1.12024 98.919 100 83.582 18216.3 223033 206 

112306 3756591 38800 630 59599 1.58652 99.575 100 81.967 9242.48 74829 400 

112310 3546687 37075 611 61526 1.73475 99.5587 100 80 8669.55 68790 402 

112312 3546687 58125 909 74942 2.11301 99.829 100 92.754 6807.34 57694 510 

112313 3912200 47375 782 72377 1.85003 98.6856 100 79.71 7177.24 51727 535 

112316 3795080 23793 380 43363 1.14261 98.8545 100 83.582 16600.5 222992 226 
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TargetID sumO 
fGaps 

numberOf 
Overlaps 

sumOf 
Overlaps 

numberOf 
ZeroLengthGaps 

meanOf 
SingleSeqNSD 

global NSD Total 
Sequences 

SequencesWith 
HitsToAReference 

SequencesWith 
HitsToAPlasmid 

111973 2775147 120 354 0 0.00930023 0.00937127 393 331 0 

111974 2774876 122 357 0 0.00986269 0.00984527 408 339 0 

111975 2559585 143 1434 0 0.0297 0.0257129 552 446 0 

111979 2559356 142 1399 0 0.0294936 0.0249562 566 468 0 

111980 3318480 388 4049 0 0.00359091 0.00388642 1060 987 0 

111981 2763454 201 2499 0 0.0178223 0.0178723 1109 832 0 

111982 3842339 227 2163 0 0.00840954 0.00857827 1262 828 0 

111984 2873482 192 1482 0 0.0129537 0.013444 858 706 0 

111985 2545720 142 1414 0 0.0054309 0.00576982 519 393 0 

111986 2690113 151 1404 0 0.00990858 0.00963905 562 480 0 

111987 3402452 539 8789 0 0.00860692 0.0112669 1992 1666 0 

111988 2688264 178 1845 0 0.00938178 0.00902849 570 479 0 

111989 2768118 226 3469 0 0.0111968 0.010601 2124 533 0 

111990 2770298 427 12239 0 0.00926279 0.00951023 1156 895 0 

111991 2760737 352 9125 0 0.0269998 0.0269319 1337 961 0 

111992 2769152 462 13642 0 0.010539 0.0106503 1244 979 0 

111993 2897822 231 5384 0 0.0299542 0.0293653 1482 551 0 

111994 2540563 169 2133 0 0.0154013 0.0156965 722 515 0 

111995 2756871 362 9027 0 0.0128318 0.0110139 1777 806 0 

111996 2860399 188 1616 0 0.00396235 0.00434238 548 500 0 

111997 2544455 157 1698 0 0.00546205 0.00560692 525 410 0 

111998 2860677 185 1649 0 0.00379452 0.00424412 546 507 0 

111999 2765606 236 4010 0 0.0201881 0.0205519 1114 692 0 

112000 3630453 375 3858 0 0.0059409 0.0060035 1781 981 0 

112001 2774173 171 1856 0 0.00938618 0.00920719 535 409 0 

112002 3654162 83 652 0 0.0170556 0.018513 2567 473 0 

112003 2770457 390 10509 1 0.00976747 0.00918307 1054 804 0 

112004 2771643 238 4229 0 0.0100926 0.00937045 915 541 0 

112007 2867113 148 1915 0 0.0202522 0.0228795 2832 1171 0 

112102 2769816 382 10114 0 0.0104328 0.00968517 1158 802 0 

112106 2531907 74 1221 0 0.0112681 0.0144835 300 243 0 
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112111 3689687 289 3379 0 0.0107951 0.0110796 983 777 0 

112119 3464265 102 1453 0 0.0134854 0.0165132 1486 527 0 

112120 3681478 318 4975 1 0.0231793 0.0249745 1570 1035 0 

112121 2894279 128 1366 0 0.0330665 0.033126 1547 406 0 

112122 3688719 294 3148 0 0.0113167 0.0117069 1055 789 0 

112125 3690966 267 2899 0 0.0108094 0.0112158 940 749 0 

112144 3409174 331 3979 0 0.00568887 0.00721152 1266 1024 0 

112146 2724796 160 1646 0 0.00434962 0.00500401 672 484 0 

112157 2709421 160 1561 0 0.00204246 0.0035813 543 476 0 

112159 2709371 157 1471 0 0.00300323 0.0041739 564 471 0 

112162 2772312 309 6948 0 0.00922361 0.00908025 1592 662 0 

112164 3695262 230 2694 0 0.0110327 0.0114826 887 696 0 

112169 3630257 403 4073 0 0.00232985 0.00221381 1048 976 0 

112179 3818525 477 4598 0 0.00418999 0.00443229 1327 1229 0 

112189 3631091 380 4035 0 0.00448577 0.00437634 1661 965 0 

112190 3375519 0 0 0 0.088872 0.0904641 2038 26 0 

112192 3670773 386 5624 0 0.0245538 0.0281793 3169 1385 0 

112196 3317144 367 5096 0 0.014335 0.0170363 1610 1210 0 

112197 3325326 343 4056 0 0.00362071 0.0040323 976 896 0 

112199 2714637 174 2246 0 0.0261489 0.0250008 1045 722 0 

112200 2539878 372 9767 0 0.00626255 0.00522488 1445 801 0 

112201 2540501 326 7719 0 0.00562649 0.00472637 887 710 0 

112204 3490618 317 3700 0 0.000827437 0.000995951 916 880 0 

112206 3401929 336 3451 0 0.00211496 0.00212461 974 859 0 

112208 2769956 366 9534 0 0.010933 0.0105854 973 777 0 

112210 3663921 10 70 0 0.025514 0.0260998 2747 110 0 

112215 2896607 299 7986 0 0.0299177 0.0285189 1209 689 0 

112216 3427571 209 2952 0 0.0111977 0.0112104 1573 672 0 

112218 3323332 352 3773 0 0.00367592 0.0039387 989 915 0 

112220 2896551 307 8620 0 0.0297982 0.0286653 985 712 0 

112221 2770676 364 9299 0 0.00923357 0.00932636 976 763 0 

112224 2770977 311 8831 0 0.0333289 0.0324001 1120 791 0 

112227 2777245 169 1824 0 0.0161208 0.0167793 767 588 0 

112229 2709038 166 1698 0 0.00252441 0.00378876 510 475 0 

112235 3400853 398 5182 0 0.00990506 0.0109154 1365 1095 0 

112238 3631629 365 3794 0 0.0057631 0.00608112 1379 962 0 
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112239 3822838 445 3897 0 0.0043392 0.00446131 1304 1137 0 

112244 3829277 362 3190 0 0.00690579 0.00719102 1983 1019 0 

112245 3436684 112 1642 0 0.0107415 0.0117698 388 331 0 

112249 3436708 107 1584 0 0.0111884 0.0117412 400 348 0 

112253 3385866 375 4708 0 0.00841247 0.00838451 1140 969 0 

112258 3386386 357 4016 0 0.00843274 0.00854601 1098 934 0 

112259 3388149 346 4211 0 0.00827308 0.00836702 1095 924 0 

112260 3384526 383 4249 0 0.00857633 0.00870763 1140 974 0 

112262 3385180 375 4215 0 0.0083042 0.00848595 1125 960 0 

112265 3348509 397 4596 0 0.0101195 0.0104059 1194 1019 0 

112266 3349553 384 4523 0 0.00992551 0.010233 1188 1016 0 

112271 3350216 385 4664 0 0.00980525 0.0100571 1180 1003 0 

112272 3384571 364 3763 0 0.00878045 0.00876035 1108 965 0 

112274 3431223 324 3343 0 0.00953896 0.00981893 979 873 0 

112275 3430650 320 3168 0 0.00969875 0.00992871 978 873 0 

112281 3432749 301 3157 0 0.0100563 0.0102534 1077 848 0 

112284 3595041 393 4043 0 0.00197624 0.00189436 1005 950 0 

112286 3474755 363 3782 0 0.00367858 0.00344814 1768 952 0 

112288 3472185 382 3746 0 0.000961786 0.000986401 973 954 0 

112289 3469033 423 4056 0 0.00102624 0.00104918 1035 1010 0 

112293 3751732 157 2130 0 0.00611655 0.00648019 542 459 0 

112294 3695247 334 3619 0 0.00237907 0.00247753 978 878 0 

112297 3468686 32 492 0 0.00194952 0.00211716 495 215 0 

112298 3751665 143 1923 0 0.008147 0.00803749 790 450 0 

112300 3746451 185 2619 0 0.00605416 0.00670782 671 578 0 

112302 3752566 155 1996 0 0.00642647 0.00674102 528 440 0 

112306 3696992 229 3072 0 0.00251297 0.00253809 1202 691 0 

112310 3485161 208 2788 0 0.00261038 0.0026695 1230 662 0 

112312 3471745 398 4414 0 0.00100967 0.00106286 1027 978 0 

112313 3839823 246 2063 0 0.00795195 0.00808852 2005 827 0 

112316 3751717 153 2084 0 0.00682444 0.0072533 568 475 0 

 

 



Appendix 3.1 Identification results 

186 
 

 

 

TargetID SequencesWithout 
HitsToAReference 

Number_of 
_Alignments_1 

Number_of 
_Alignments_2 

Number_of 
_Alignments_3 

Size_of_Intersection 
_1_and_2 

Size_of_Intersection 
_2_and_3 

Size_of_Intersection 
_1_and_3 

Size_of_union 
_1_and_2 

111973 62 331 324 331 306 309 300 349 

111974 69 339 341 331 307 315 313 373 

111975 106 446 446 463 446 429 429 446 

111979 98 468 468 477 468 447 447 468 

111980 73 987 574 737 565 490 721 996 

111981 277 832 831 876 830 810 809 833 

111982 434 828 440 421 112 409 114 1156 

111984 152 706 657 657 643 656 643 720 

111985 126 393 401 315 316 294 225 478 

111986 82 480 427 438 403 419 412 504 

111987 326 1666 1598 1602 1485 1596 1489 1779 

111988 91 479 417 428 393 408 401 503 

111989 1591 533 511 499 468 475 475 576 

111990 261 895 931 876 816 829 829 1010 

111991 376 961 962 940 864 886 891 1059 

111992 265 979 1005 955 885 899 903 1099 

111993 931 551 523 523 500 521 499 574 

111994 207 515 520 484 425 386 361 610 

111995 971 806 781 767 708 720 724 879 

111996 48 500 415 415 415 414 414 500 

111997 115 410 413 317 336 299 245 487 

111998 39 507 424 424 424 423 423 507 

111999 422 692 711 673 633 640 639 770 

112000 800 981 973 951 957 926 934 997 

112001 126 409 425 394 371 376 372 463 

112002 2094 473 472 467 460 450 453 485 

112003 250 804 833 783 728 738 740 909 

112004 374 541 568 533 498 510 504 611 
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112007 1661 1171 1121 1121 1082 1120 1082 1210 

112102 356 802 833 776 731 733 732 904 

112106 57 243 216 180 207 149 158 252 

112111 206 777 745 758 733 732 752 789 

112119 959 527 514 517 495 483 490 546 

112120 535 1035 1006 1014 974 975 1002 1067 

112121 1141 406 405 368 362 340 360 449 

112122 266 789 762 772 747 748 765 804 

112125 191 749 730 740 715 715 734 764 

112144 242 1024 867 838 803 796 770 1088 

112146 188 484 483 465 483 448 448 484 

112157 67 476 476 476 476 457 457 476 

112159 93 471 472 467 471 448 448 472 

112162 930 662 654 650 583 585 616 733 

112164 191 696 663 673 652 652 667 707 

112169 72 976 970 934 957 916 922 989 

112179 98 1229 126 75 120 40 71 1235 

112189 696 965 956 923 942 903 912 979 

112190 2012 25 26 22 13 12 7 38 

112192 1784 1385 1370 1348 1342 1311 1320 1413 

112196 400 1210 1039 1018 838 1005 829 1411 

112197 80 896 519 670 509 443 650 906 

112199 323 722 724 670 720 507 506 726 

112200 644 801 707 580 654 479 521 854 

112201 177 710 620 511 578 417 462 752 

112204 36 880 863 847 858 842 843 885 

112206 115 899 894 859 881 843 849 912 

112208 196 777 795 764 704 717 722 868 

112210 2637 110 106 105 104 100 103 112 

112215 520 689 659 656 627 655 625 721 

112216 901 672 673 670 644 643 644 701 

112218 74 915 530 519 522 492 510 923 

112220 273 712 675 671 644 670 641 743 

112221 213 763 791 751 692 703 704 862 

112224 329 791 807 778 709 701 704 889 

112227 179 588 554 554 502 553 501 640 



Appendix 3.1 Identification results 

188 
 

112229 35 475 475 475 475 456 456 475 

112235 270 1095 786 776 601 757 596 1280 

112238 417 962 955 921 942 903 910 975 

112239 167 1137 94 96 82 88 81 1149 

112244 964 1019 861 843 88 832 81 1792 

112245 57 331 295 278 285 257 272 341 

112249 52 348 314 292 304 272 286 358 

112253 171 969 958 953 890 871 875 1037 

112258 164 934 925 916 859 837 833 1000 

112259 171 924 895 884 844 807 835 975 

112260 166 974 958 951 891 865 867 1041 

112262 165 960 946 943 878 860 866 1028 

112265 175 1019 979 946 921 875 886 1077 

112266 172 1016 970 937 916 870 879 1070 

112271 177 1003 969 938 911 869 880 1061 

112272 143 965 929 919 883 841 866 1011 

112274 106 873 862 868 817 821 813 918 

112275 105 873 859 866 815 817 812 917 

112281 229 848 840 845 792 796 787 896 

112284 55 950 935 942 922 912 935 963 

112286 816 952 928 929 920 910 916 960 

112288 19 954 937 934 934 924 928 957 

112289 25 1010 990 990 986 976 983 1014 

112293 83 459 422 389 408 355 380 473 

112294 100 878 875 853 853 834 815 900 

112297 280 215 213 214 205 211 206 223 

112298 340 450 412 383 398 349 375 464 

112300 93 578 531 491 514 456 485 595 

112302 88 440 407 372 393 342 365 454 

112306 511 691 690 691 670 674 669 711 

112310 568 662 670 660 653 650 654 679 

112312 49 978 951 951 947 936 943 982 

112313 1178 827 891 880 79 864 73 1639 

112316 93 475 440 406 427 376 400 488 
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TargetID Size_of_union 
_2_and_3 

Size_of_union 
_1_and_3 

Proportion_in_common 
_1_and_2 

Proportion_in_common 
_2_and_3 

Proportion_in_common 
_1_and_3 

Nei_Li 
_1_and_2 

Nei_Li 
_2_and_3 

Nei_Li 
_1_and_3 

111973 346 362 0.876790831 0.893063584 0.828729282 0.065648855 0.05648855 0.093655589 

111974 357 357 0.8230563 0.882352941 0.8767507 0.097058824 0.0625 0.065671642 

111975 480 480 1 0.89375 0.89375 0 0.056105611 0.056105611 

111979 498 498 1 0.897590361 0.897590361 0 0.053968254 0.053968254 

111980 821 1003 0.567269076 0.59683313 0.71884347 0.276105061 0.252479024 0.163573086 

111981 897 899 0.996398559 0.903010033 0.899888765 0.001803969 0.050966608 0.052693208 

111982 452 1135 0.096885813 0.904867257 0.100440529 0.823343849 0.049941928 0.817453963 

111984 658 720 0.893055556 0.996960486 0.893055556 0.05649303 0.00152207 0.05649303 

111985 422 483 0.661087866 0.696682464 0.465838509 0.204030227 0.17877095 0.36440678 

111986 446 506 0.799603175 0.939461883 0.814229249 0.111356119 0.031213873 0.102396514 

111987 1604 1779 0.834738617 0.995012469 0.836987071 0.090073529 0.0025 0.08873929 

111988 437 506 0.781312127 0.933638444 0.792490119 0.122767857 0.034319527 0.115766262 

111989 535 557 0.8125 0.887850467 0.852782765 0.103448276 0.059405941 0.079457364 

111990 978 942 0.807920792 0.847648262 0.880042463 0.106243154 0.082457111 0.063805759 

111991 1016 1010 0.815864023 0.872047244 0.882178218 0.101404056 0.068349106 0.062598632 

111992 1061 1031 0.805277525 0.847313855 0.875848691 0.107862903 0.082653061 0.066184074 

111993 525 575 0.871080139 0.992380952 0.867826087 0.068901304 0.003824092 0.070763501 

111994 618 638 0.696721311 0.624595469 0.565830721 0.178743961 0.231075697 0.277277277 

111995 828 849 0.805460751 0.869565217 0.852767962 0.107750473 0.069767442 0.079465989 

111996 416 501 0.83 0.995192308 0.826347305 0.092896175 0.002409639 0.095081967 

111997 431 482 0.689938398 0.693735499 0.508298755 0.183475091 0.180821918 0.325997249 

111998 425 508 0.836291913 0.995294118 0.832677165 0.08915145 0.002358491 0.091299678 

111999 744 726 0.822077922 0.860215054 0.880165289 0.097647897 0.075144509 0.063736264 

112000 998 998 0.959879639 0.927855711 0.935871743 0.020470829 0.037422037 0.033126294 

112001 443 431 0.801295896 0.848758465 0.863109049 0.110311751 0.081807082 0.073474471 

112002 489 487 0.948453608 0.920245399 0.930184805 0.026455026 0.041533546 0.036170213 

112003 878 847 0.800880088 0.840546697 0.873671783 0.110568112 0.086633663 0.06742281 

112004 591 570 0.815057283 0.862944162 0.884210526 0.101893598 0.073569482 0.061452514 

112007 1122 1210 0.894214876 0.998217469 0.894214876 0.055846422 0.000892061 0.055846422 

112102 876 846 0.808628319 0.836757991 0.865248227 0.105810398 0.088875078 0.072243346 

112106 247 265 0.821428571 0.603238866 0.596226415 0.098039216 0.247474747 0.252955083 
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112111 771 783 0.929024081 0.949416342 0.960408685 0.036793693 0.025948104 0.02019544 

112119 548 554 0.906593407 0.881386861 0.884476534 0.048991354 0.063045587 0.061302682 

112120 1045 1047 0.912839738 0.933014354 0.957020057 0.045565899 0.034653465 0.021961933 

112121 433 414 0.80623608 0.7852194 0.869565217 0.107274969 0.120310479 0.069767442 

112122 786 796 0.929104478 0.951653944 0.961055276 0.036750484 0.024771838 0.019859065 

112125 755 755 0.935863874 0.947019868 0.97218543 0.033130494 0.027210884 0.014103425 

112144 909 1092 0.738051471 0.875687569 0.705128205 0.150713908 0.06627566 0.172932331 

112146 500 501 0.997933884 0.896 0.894211577 0.001034126 0.054852321 0.055848261 

112157 495 495 1 0.923232323 0.923232323 0 0.039915966 0.039915966 

112159 491 490 0.997881356 0.912423625 0.914285714 0.001060445 0.045793397 0.044776119 

112162 719 696 0.795361528 0.813630042 0.885057471 0.113981763 0.102760736 0.06097561 

112164 684 702 0.922206506 0.953216374 0.95014245 0.040470935 0.023952096 0.025566107 

112169 988 988 0.967644085 0.927125506 0.933198381 0.016443988 0.037815126 0.034554974 

112179 161 1233 0.097165992 0.248447205 0.057583131 0.822878229 0.60199005 0.891104294 

112189 976 976 0.962206333 0.925204918 0.93442623 0.019260802 0.038850452 0.033898305 

112190 36 40 0.342105263 0.333333333 0.175 0.490196078 0.5 0.70212766 

112192 1407 1413 0.9497523 0.931769723 0.93418259 0.025771325 0.035320088 0.03402854 

112196 1052 1399 0.593905032 0.955323194 0.592566119 0.254779902 0.022848809 0.255834829 

112197 746 916 0.561810155 0.59383378 0.709606987 0.280565371 0.254835997 0.169859515 

112199 887 886 0.991735537 0.571589628 0.571106095 0.004149378 0.272596844 0.272988506 

112200 808 860 0.765807963 0.592821782 0.605813953 0.132625995 0.255633256 0.245474294 

112201 714 759 0.768617021 0.584033613 0.608695652 0.130827068 0.262599469 0.243243243 

112204 868 884 0.969491525 0.970046083 0.95361991 0.015490534 0.015204678 0.023740591 

112206 910 909 0.966008772 0.926373626 0.933993399 0.017289459 0.038220194 0.034129693 

112208 842 819 0.811059908 0.851543943 0.881562882 0.1043257 0.080179602 0.062946139 

112210 111 112 0.928571429 0.900900901 0.919642857 0.037037037 0.052132701 0.041860465 

112215 660 720 0.86962552 0.992424242 0.868055556 0.069732938 0.003802281 0.07063197 

112216 700 698 0.918687589 0.918571429 0.922636103 0.042379182 0.042442293 0.04023845 

112218 557 924 0.565547129 0.883303411 0.551948052 0.277508651 0.061963775 0.288702929 

112220 676 742 0.866756393 0.99112426 0.863881402 0.071377073 0.004457652 0.073029646 

112221 839 810 0.802784223 0.837902265 0.869135802 0.109395109 0.088197147 0.07001321 

112224 884 865 0.797525309 0.792986425 0.813872832 0.112640801 0.115457413 0.102613129 

112227 555 641 0.784375 0.996396396 0.781591264 0.12084063 0.001805054 0.122591944 

112229 494 494 1 0.923076923 0.923076923 0 0.04 0.04 

112235 805 1275 0.46953125 0.940372671 0.46745098 0.360978203 0.030729834 0.362907536 

112238 973 973 0.966153846 0.928057554 0.935251799 0.017214397 0.037313433 0.033457249 
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112239 102 1152 0.071366406 0.862745098 0.0703125 0.86677498 0.073684211 0.868613139 

112244 872 1781 0.049107143 0.95412844 0.045480067 0.906382979 0.023474178 0.912996778 

112245 316 337 0.835777126 0.813291139 0.807121662 0.089456869 0.102966841 0.106732348 

112249 334 354 0.849162011 0.814371257 0.807909605 0.081570997 0.102310231 0.10625 

112253 1040 1047 0.858244937 0.8375 0.835721108 0.07628438 0.088435374 0.089490114 

112258 1004 1017 0.859 0.833665339 0.819075713 0.07584723 0.09071157 0.099459459 

112259 972 973 0.865641026 0.830246914 0.858170606 0.072017592 0.092748735 0.076327434 

112260 1044 1058 0.855907781 0.828544061 0.819470699 0.077639752 0.09376637 0.099220779 

112262 1029 1037 0.854085603 0.835762877 0.835101254 0.078698846 0.089465326 0.089858119 

112265 1050 1079 0.855153203 0.833333333 0.821130677 0.078078078 0.090909091 0.09821883 

112266 1037 1074 0.856074766 0.838958534 0.818435754 0.0775428 0.087572103 0.09984639 

112271 1038 1061 0.85862394 0.837186898 0.829406221 0.076064909 0.08862087 0.093250902 

112272 1007 1018 0.873392681 0.835153923 0.850687623 0.067581837 0.08982684 0.080679406 

112274 909 928 0.889978214 0.903190319 0.876077586 0.058213256 0.050867052 0.066053992 

112275 908 927 0.888767721 0.899779736 0.875943905 0.058891455 0.052753623 0.06612996 

112281 889 906 0.883928571 0.895388076 0.868653422 0.061611374 0.055192878 0.070289427 

112284 965 957 0.957424714 0.94507772 0.977011494 0.021750663 0.028236548 0.011627907 

112286 947 965 0.958333333 0.96092925 0.949222798 0.021276596 0.01992461 0.026049973 

112288 947 960 0.975966562 0.975712777 0.966666667 0.012162877 0.012292892 0.016949153 

112289 1004 1017 0.972386588 0.972111554 0.966568338 0.014 0.014141414 0.017 

112293 456 468 0.862579281 0.778508772 0.811965812 0.073779796 0.124537608 0.103773585 

112294 894 916 0.947777778 0.932885906 0.889737991 0.026811181 0.034722222 0.058347776 

112297 216 223 0.919282511 0.976851852 0.923766816 0.042056075 0.011709602 0.03962704 

112298 446 458 0.857758621 0.782511211 0.818777293 0.076566125 0.122012579 0.099639856 

112300 566 584 0.863865546 0.80565371 0.830479452 0.073038774 0.107632094 0.092609916 

112302 437 447 0.865638767 0.782608696 0.81655481 0.07201889 0.12195122 0.100985222 

112306 707 713 0.94233474 0.953323904 0.93828892 0.029688631 0.023895728 0.031837916 

112310 680 668 0.961708395 0.955882353 0.979041916 0.01951952 0.022556391 0.010590015 

112312 966 986 0.964358452 0.968944099 0.956389452 0.018144116 0.015772871 0.022291343 

112313 907 1634 0.048200122 0.952590959 0.044675643 0.908032596 0.024280068 0.91446983 

112316 470 481 0.875 0.8 0.831600832 0.066666667 0.111111111 0.091940976 
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Appendix 3.2 Currito3.1 output showing circular alignment plots for 

top three matches. 

 

 

Note:  For higher resolution images, all of the plots are available on-line, and will be uploaded 

to DRYAD. These can be accessed through the following link:  

 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=

sharing 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing
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 Note:  For higher resolution images, all of the plots are available on-line, and will be 

uploaded to DRYAD. These can be accessed through the following link:  

 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=
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 Note:  For higher resolution images, all of the plots are available on-line, and will be 

uploaded to DRYAD. These can be accessed through the following link:  

 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=

sharing 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing
https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing
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Appendix 4.0. List of 662 core genes obtained using Geobacillus  

thermodenitrificans NG80-2 as a reference for a set of 114 genomes, 

using EDGAR 2.1 web server 

 

# Geobacillus _thermodenitrificans_NG80_2_plasmid_pLW1071 
1 GTNG_RS00015, S4 domain-containing protein YaaA 
2 GTNG_RS00075, IMP dehydrogenase 
3 GTNG_RS00090, pyridoxal 5-phosphate synthase glutaminase subunit PdxT 
4 GTNG_RS00105, tRNA adenosine (34) deaminase TadA 
5 GTNG_RS00110, DNA polymerase III subunit gamma/tau 
6 GTNG_RS00115, YbaB/EbfC family nucleoid-associated protein 
7 GTNG_RS00120, recombination protein RecR 
8 GTNG_RS00180, thymidylate kinase 
9 GTNG_RS00185, DNA polymerase III subunit delta 
10 GTNG_RS00195, DNA replication initiation control protein YabA 
11 GTNG_RS00200, tRNA1(Val) (adenine(37)-N6)-methyltransferase 
12 GTNG_RS00215, methionine--tRNA ligase 
13 GTNG_RS00220, TatD family deoxyribonuclease 
14 GTNG_RS00235, ribosomal RNA small subunit methyltransferase A 
15 GTNG_RS00245, hypothetical protein 
16 GTNG_RS00265, RidA family protein 
17 GTNG_RS00270, septation protein spoVG 
18 GTNG_RS00280, ribose-phosphate pyrophosphokinase 
19 GTNG_RS00285,50S ribosomal protein L25 
20 GTNG_RS00290, peptidyl-tRNA hydrolase 
21 GTNG_RS00295, DUF2757 domain-containing protein 
22 GTNG_RS00305, stage V sporulation protein T 
23 GTNG_RS00315, MazG family protein 
24 GTNG_RS00320, RNA-binding S4 domain-containing protein 
25 GTNG_RS00325, sporulation protein YabP 
26 GTNG_RS00330, spore cortex biosynthesis protein YabQ 
27 GTNG_RS00335, septation inhibitor protein 
28 GTNG_RS00340, RNA-binding protein S1 
29 GTNG_RS00360, VWA domain-containing protein 
30 GTNG_RS00395, cysteine synthase A 
31 GTNG_RS00405, aminodeoxychorismate/anthranilate synthase component II 
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32 GTNG_RS00415, dihydropteroate synthase 
33 GTNG_RS00420, dihydroneopterin aldolase 
34 GTNG_RS00425,2-amino-4-hydroxy-6- hydroxymethyldihydropteridine diphosphokinase 
35 GTNG_RS00525, DNA repair protein RadA 
36 GTNG_RS00530, PIN/TRAM domain-containing protein 
37 GTNG_RS00540,2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase 
38 GTNG_RS00550, serine O-acetyltransferase 
39 GTNG_RS00555, cysteine--tRNA ligase 
40 GTNG_RS00560, ribonuclease III 
41 GTNG_RS00570, NYN domain-containing protein 
42 GTNG_RS00575, RNA polymerase sporulation sigma factor SigH 
43 GTNG_RS00585, preprotein translocase subunit SecE 
44 GTNG_RS00590, transcription termination/antitermination protein NusG 
45 GTNG_RS00595,50S ribosomal protein L11 
46 GTNG_RS00605,50S ribosomal protein L10 
47 GTNG_RS00610,50S ribosomal protein L7/L12 
48 GTNG_RS00620, DNA-directed RNA polymerase subunit beta 
49 GTNG_RS00630,50S ribosomal protein L7ae-like protein 
50 GTNG_RS00635,30S ribosomal protein S12 
51 GTNG_RS00640,30S ribosomal protein S7 
52 GTNG_RS00650, elongation factor Tu 
53 GTNG_RS00655,30S ribosomal protein S10 
54 GTNG_RS00660,50S ribosomal protein L3 
55 GTNG_RS00665,50S ribosomal protein L4 
56 GTNG_RS00670,50S ribosomal protein L23 
57 GTNG_RS00675,50S ribosomal protein L2 
58 GTNG_RS00680,30S ribosomal protein S19 
59 GTNG_RS00685,50S ribosomal protein L22 
60 GTNG_RS00690,30S ribosomal protein S3 
61 GTNG_RS00695,50S ribosomal protein L16 
62 GTNG_RS00700,50S ribosomal protein L29 
63 GTNG_RS00710,50S ribosomal protein L14 
64 GTNG_RS00720,50S ribosomal protein L5 
65 GTNG_RS00725,30S ribosomal protein S14 type Z 
66 GTNG_RS00735,50S ribosomal protein L6 
67 GTNG_RS00745,30S ribosomal protein S5 
68 GTNG_RS00750,50S ribosomal protein L30 
69 GTNG_RS00755,50S ribosomal protein L15 
70 GTNG_RS00770, type I methionyl aminopeptidase 
71 GTNG_RS00775, translation initiation factor IF-1 
72 GTNG_RS00790,30S ribosomal protein S11 
73 GTNG_RS00795, DNA-directed RNA polymerase subunit alpha 
74 GTNG_RS00800,50S ribosomal protein L17 
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75 GTNG_RS00805, energy-coupling factor ABC transporter ATP-binding protein 
76 GTNG_RS00815, energy-coupling factor transporter transmembrane protein EcfT 
77 GTNG_RS00825,50S ribosomal protein L13 
78 GTNG_RS00830,30S ribosomal protein S9 
79 GTNG_RS00925, RNA polymerase sigma factor SigW 
80 GTNG_RS00930, anti-sigma W factor 
81 GTNG_RS00935, TIGR00159 family protein 
82 GTNG_RS00950, glutamine--fructose-6-phosphate transaminase (isomerizing) 
83 GTNG_RS01025, L-glutamate gamma-semialdehyde dehydrogenase 
84 GTNG_RS01030, ornithine--oxo-acid transaminase 
85 GTNG_RS01165, D-alanine-- ligase 
86 GTNG_RS01180, ATP-dependent helicase 
87 GTNG_RS01190, holo-ACP synthase 
88 GTNG_RS01200, alanine racemase 
89 GTNG_RS01210, type II toxin-antitoxin system PemK/MazF family toxin 
90 GTNG_RS01220, SprT family protein 
91 GTNG_RS01305, ribosomal-protein-alanine N-acetyltransferase 
92 GTNG_RS01450,5-(carboxyamino)imidazole ribonucleotide mutase 
93 GTNG_RS01455,5-(carboxyamino)imidazole ribonucleotide synthase 
94 GTNG_RS01460, adenylosuccinate lyase 
95 GTNG_RS01465, phosphoribosylaminoimidazolesuccinocarboxamide synthase 
96 GTNG_RS01470, phosphoribosylformylglycinamidine synthase subunit PurS 
97 GTNG_RS01475, phosphoribosylformylglycinamidine synthase subunit PurQ 
98 GTNG_RS01485, amidophosphoribosyltransferase 
99 GTNG_RS01500, bifunctional phosphoribosylaminoimidazolecarboxamide 

formyltransferase/IMP cyclohydrolase PurH 
100 GTNG_RS01525, hypothetical protein 
101 GTNG_RS01530, geranylgeranylglyceryl/heptaprenylglyceryl phosphate synthase 
102 GTNG_RS01540, DNA ligase (NAD(+)) LigA 
103 GTNG_RS01545, CamS family sex pheromone protein 
104 GTNG_RS01570, Asp-tRNA (Asn)/Glu-tRNA (Gln) amidotransferase GatCAB subunit C 
105 GTNG_RS01575, Asp-tRNA (Asn)/Glu-tRNA (Gln) amidotransferase GatCAB subunit A 
106 GTNG_RS01580, Asp-tRNA (Asn)/Glu-tRNA (Gln) amidotransferase GatCAB subunit B 
107 GTNG_RS01735, diacylglycerol kinase 
108 GTNG_RS02175, acylphosphatase 
109 GTNG_RS02190, adenylyl-sulfate kinase 
110 GTNG_RS02205, phosphoadenosine phosphosulfate reductase 
111 GTNG_RS02210, DUF1128 domain-containing protein 
112 GTNG_RS02215, low molecular weight phosphotyrosine protein phosphatase 
113 GTNG_RS02220, YihY/virulence factor BrkB family protein 
114 GTNG_RS02240, hypothetical protein 
115 GTNG_RS02265,23S rRNA (uracil (1939)-C (5))-methyltransferase RlmD 
116 GTNG_RS02560, regulatory protein RecX 
117 GTNG_RS02605, A/G-specific adenine glycosylase 
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118 GTNG_RS02610, hypothetical protein 
119 GTNG_RS02630, DUF402 domain-containing protein 
120 GTNG_RS02855, tRNA epoxyqueuosine (34) reductase QueG 
121 GTNG_RS02880, sporulation protein YhbH 
122 GTNG_RS02920, zinc metallopeptidase 
123 GTNG_RS02925, HlyC/CorC family transporter 
124 GTNG_RS02950, CBS domain-containing protein 
125 GTNG_RS03065, thiamine phosphate synthase 
126 GTNG_RS03075, thiamine biosynthesis protein ThiS 
127 GTNG_RS03085, thiamine/molybdopterin biosynthesis ThiF/MoeB-like protein 
128 GTNG_RS03150, YlbF family regulator 
129 GTNG_RS03185, SigE-dependent sporulation protein 
130 GTNG_RS03190,3-phosphoserine/phosphohydroxythreonine transaminase 
131 GTNG_RS03220, foldase 
132 GTNG_RS03225, HIT family protein 
133 GTNG_RS03245, uroporphyrinogen decarboxylase 
134 GTNG_RS03260, TetR/AcrR family transcriptional regulator 
135 GTNG_RS03365, spore germination protein 
136 GTNG_RS03375, hypothetical protein 
137 GTNG_RS03390, spore germination protein 
138 GTNG_RS03425, hypothetical protein 
139 GTNG_RS03440, asparagine synthase (glutamine-hydrolysing) 
140 GTNG_RS03565, YajQ family cyclic di-GMP-binding protein 
141 GTNG_RS03590, Cof-type HAD-IIB family hydrolase 
142 GTNG_RS03605, cadmium-translocating P-type ATPase 
143 GTNG_RS03775, bifunctional ornithine acetyltransferase/N-acetyl glutamate synthase 
144 GTNG_RS03800, ornithine carbamoyl transferase 
145 GTNG_RS03805, YjzC family protein 
146 GTNG_RS03825, DUF2929 domain-containing protein 
147 GTNG_RS03840, ketoacyl-ACP synthase III 
148 GTNG_RS03845, beta-ketoacyl-[acyl-carrier-protein] synthase II 
149 GTNG_RS03860, DUF3603 domain-containing protein 
150 GTNG_RS03885, ABC transporter permease 
151 GTNG_RS03905, transcriptional regulator Spx 
152 GTNG_RS03915, adaptor protein MecA 
153 GTNG_RS03950, lytic transglycosylase domain-containing protein 
154 GTNG_RS03955, CYTH domain-containing protein 
155 GTNG_RS03970, NAD kinase 
156 GTNG_RS03975, RluA family pseudouridine synthase 
157 GTNG_RS03980, bis(5-nucleosyl)-tetraphosphatase PrpE [asymmetrical] 
158 GTNG_RS03985, FtsW/RodA/SpoVE family cell cycle protein 
159 GTNG_RS03990, enoyl-[acyl-carrier-protein] reductase FabI 
160 GTNG_RS04030, UDP-glucose/GDP-mannose dehydrogenase family protein 
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161 GTNG_RS04045, DUF1360 domain-containing protein 
162 GTNG_RS04085, stage V sporulation protein AC 
163 GTNG_RS04095, stage V sporulation protein AE 
164 GTNG_RS04110, thioredoxin 
165 GTNG_RS18100, YjcZ family sporulation protein 
166 GTNG_RS04120, sporulation protein 
167 GTNG_RS04480, UDP-N-acetylenolpyruvoylglucosamine reductase 
168 GTNG_RS04655, MarR family transcriptional regulator 
169 GTNG_RS04735,7-cyano-7-deazaguanine synthase QueC 
170 GTNG_RS04740,6-carboxytetrahydropterin synthase QueD 
171 GTNG_RS04745,7-carboxy-7-deazaguanine synthase QueE 
172 GTNG_RS04770, hypothetical protein 
173 GTNG_RS04785, hypothetical protein 
174 GTNG_RS04815, phosphocarrier protein HPr 
175 GTNG_RS04905, pyridoxal phosphate-dependent aminotransferase 
176 GTNG_RS04930, hypothetical protein 
177 GTNG_RS04960, CBS domain-containing protein 
178 GTNG_RS04975,2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase 
179 GTNG_RS04980, acetyldiaminopimelate deacetylase 
180 GTNG_RS05005, ribonuclease J 
181 GTNG_RS05010, hypothetical protein 
182 GTNG_RS05025, peptide deformylase 
183 GTNG_RS05030, pyruvate dehydrogenase (acetyl-transferring) E1 component subunit 

alpha 
184 GTNG_RS05045, dihydrolipoyl dehydrogenase 
185 GTNG_RS05065, aminotransferase class V-fold PLP-dependent enzyme 
186 GTNG_RS05085, inositol monophosphatase family protein 
187 GTNG_RS05095, membrane protein 
188 GTNG_RS05110, YhcN/YlaJ family sporulation lipoprotein 
189 GTNG_RS05125, hypothetical protein 
190 GTNG_RS05145, protoheme IX farnesyltransferase 
191 GTNG_RS05160, cytochrome (ubi)quinol oxidase subunit III 
192 GTNG_RS05165, cytochrome c oxidase subunit IVB 
193 GTNG_RS05185, hypothetical protein 
194 GTNG_RS05195, membrane protein 
195 GTNG_RS05200, hypothetical protein 
196 GTNG_RS05205, hypothetical protein 
197 GTNG_RS05215, YlbF family regulator 
198 GTNG_RS05230,16S rRNA (guanine (966)-N (2))-methyltransferase RsmD 
199 GTNG_RS05235, phosphopantetheine adenylyltransferase 
200 GTNG_RS05240, sporulation integral membrane protein YlbJ 
201 GTNG_RS05245, esterase 
202 GTNG_RS05250, PDZ domain-containing protein 
203 GTNG_RS05275, RsfA family transcriptional regulator 
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204 GTNG_RS05280,2-dehydropantoate 2-reductase 
205 GTNG_RS05295, ribosomal RNA small subunit methyltransferase H 
206 GTNG_RS05315, UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2, 6-diaminopimelate 

ligase 
207 GTNG_RS05345, DUF881 domain-containing protein 
208 GTNG_RS05360, cell division protein FtsA 
209 GTNG_RS05365, cell division protein FtsZ 
210 GTNG_RS05375, sigma-E processing peptidase SpoIIGA 
211 GTNG_RS05380, RNA polymerase sporulation sigma factor SigE 
212 GTNG_RS05385, RNA polymerase sporulation sigma factor SigG 
213 GTNG_RS05395, peptidoglycan editing factor PgeF 
214 GTNG_RS05410, YggT family protein 
215 GTNG_RS05415, RNA-binding protein S4 
216 GTNG_RS05420, DivIVA domain-containing protein 
217 GTNG_RS05430, peptidase A8 
218 GTNG_RS05435, RluA family pseudouridine synthase 
219 GTNG_RS05440, bifunctional pyrimidine operon transcriptional regulator/uracil 

phosphoribosyltransferase 
220 GTNG_RS05460, carbamoyl-phosphate synthase small subunit 
221 GTNG_RS05465, carbamoyl-phosphate synthase large subunit 
222 GTNG_RS05475, dihydroorotate dehydrogenase 
223 GTNG_RS05480, orotidine-5-phosphate decarboxylase 
224 GTNG_RS05510, YicC family protein 
225 GTNG_RS05525, DNA-directed RNA polymerase subunit omega 
226 GTNG_RS05545, methionyl-tRNA formyltransferase 
227 GTNG_RS05560, serine/threonine-protein phosphatase 
228 GTNG_RS05570, GTPase A 
229 GTNG_RS05575, ribulose-phosphate 3-epimerase 
230 GTNG_RS05580, thiamine diphosphokinase 
231 GTNG_RS05590,50S ribosomal protein L28 
232 GTNG_RS05595, Asp23/Gls24 family envelope stress response protein 
233 GTNG_RS05600, DAK2 domain-containing protein 
234 GTNG_RS05630, [acyl-carrier-protein] S-malonyltransferase 
235 GTNG_RS05635,3-oxoacyl-[acyl-carrier-protein] reductase 
236 GTNG_RS05640, acyl carrier protein 
237 GTNG_RS05660, putative DNA-binding protein 
238 GTNG_RS05670,30S ribosomal protein S16 
239 GTNG_RS05675, KH domain-containing protein 
240 GTNG_RS05680, hypothetical protein 
241 GTNG_RS05685, ribosome maturation factor RimM 
242 GTNG_RS05690, tRNA (guanosine(37)-N1)-methyltransferase TrmD 
243 GTNG_RS05695,50S ribosomal protein L19 
244 GTNG_RS05700, signal peptidase I 
245 GTNG_RS05725, succinyl-CoA ligase subunit beta 
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246 GTNG_RS05745, tyrosine recombinase XerC 
247 GTNG_RS05750, HslU--HslV peptidase proteolytic subunit 
248 GTNG_RS05755, HslU--HslV peptidase ATPase subunit 
249 GTNG_RS05760, GTP-sensing pleiotropic transcriptional regulator CodY 
250 GTNG_RS05765, flagellar basal body rod protein FlgB 
251 GTNG_RS05770, flagellar basal body rod protein FlgC 
252 GTNG_RS05775, flagellar hook-basal body complex protein FliE 
253 GTNG_RS05785, flagellar motor switch protein FliG 
254 GTNG_RS05800, flagellar export protein FliJ 
255 GTNG_RS05815, flagellar hook assembly protein FlgD 
256 GTNG_RS05830, flagellar basal body-associated protein FliL 
257 GTNG_RS05840, flagellar motor switch phosphatase FliY 
258 GTNG_RS05845, response regulator 
259 GTNG_RS05855, flagellar biosynthetic protein FliP 
260 GTNG_RS05860, flagellar biosynthetic protein FliQ 
261 GTNG_RS05895, chemotaxis protein CheA 
262 GTNG_RS05910, chemoreceptor glutamine deamidase CheD 
263 GTNG_RS05930,30S ribosomal protein S2 
264 GTNG_RS05935, elongation factor Ts 
265 GTNG_RS05940, UMP kinase 
266 GTNG_RS05945, ribosome-recycling factor 
267 GTNG_RS05950, isoprenyl transferase 
268 GTNG_RS05955, phosphatidate cytidylyltransferase 
269 GTNG_RS05965, RIP metalloprotease RseP 
270 GTNG_RS05985, transcription termination/antitermination protein NusA 
271 GTNG_RS05990, DUF448 domain-containing protein 
272 GTNG_RS05995, hypothetical protein 
273 GTNG_RS06005, DUF503 domain-containing protein 
274 GTNG_RS06010, ribosome-binding factor A 
275 GTNG_RS06020, bifunctional riboflavin kinase/FAD synthetase 
276 GTNG_RS06025,30S ribosomal protein S15 
277 GTNG_RS06045, YlmC/YmxH family sporulation protein 
278 GTNG_RS06050, dipicolinic acid synthetase subunit A 
279 GTNG_RS06055, dipicolinate synthase subunit B 
280 GTNG_RS06070,4-hydroxy-tetrahydrodipicolinate synthase 
281 GTNG_RS06080, translocation-enhancing protein TepA 
282 GTNG_RS06085, ribonuclease 
283 GTNG_RS06090, DNA translocase FtsK 
284 GTNG_RS06115, ABC transporter permease 
285 GTNG_RS06120, insulinase family protein 
286 GTNG_RS06125, insulinase family protein 
287 GTNG_RS06130, NAD(P)-dependent oxidoreductase 
288 GTNG_RS06135, DUF3243 domain-containing protein 
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289 GTNG_RS06140, DUF3388 domain-containing protein 
290 GTNG_RS06145, DUF4115 domain-containing protein 
291 GTNG_RS06150, CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase 
292 GTNG_RS06175, stage V sporulation protein S 
293 GTNG_RS06195, tRNA (N6-isopentenyl adenosine(37)-C2)-methylthiotransferase MiaB 
294 GTNG_RS06200, hypothetical protein 
295 GTNG_RS06205, outer spore coat protein CotE 
296 GTNG_RS06240, tRNA (adenosine(37)-N6)-dimethylallyltransferase MiaA 
297 GTNG_RS06245, RNA chaperone Hfq 
298 GTNG_RS06320, LexA repressor 
299 GTNG_RS06350, hypothetical protein 
300 GTNG_RS06430, aconitate hydratase AcnA 
301 GTNG_RS06465, cold-shock protein CspB 
302 GTNG_RS07195, bifunctional hydroxymethylpyrimidine kinase/phosphomethylpyrimidine 

kinase 
303 GTNG_RS07220, twin-arginine translocase TatA/TatE family subunit 
304 GTNG_RS18160, spore coat protein CotH 
305 GTNG_RS07340, cell division regulator GpsB 
306 GTNG_RS07350, ATP-dependent DNA helicase 
307 GTNG_RS07355, carboxypeptidase M32 
308 GTNG_RS07425, DUF2533 domain-containing protein 
309 GTNG_RS07435, TlpA family protein disulfide reductase 
310 GTNG_RS07440, small, acid-soluble spore protein N 
311 GTNG_RS07500, YozD family protein 
312 GTNG_RS07520, purine-nucleoside phosphorylase 
313 GTNG_RS07535, cation transporter 
314 GTNG_RS07835, ABC transporter ATP-binding protein 
315 GTNG_RS08530, MoxR family ATPase 
316 GTNG_RS08535, replication terminator protein 
317 GTNG_RS08590, alpha, alpha-phosphotrehalase 
318 GTNG_RS08725, glycerol-3-phosphate 1-O-acyltransferase PlsY 
319 GTNG_RS08750, DUF2535 domain-containing protein 
320 GTNG_RS08765, dihydrofolate reductase 
321 GTNG_RS08770, thymidylate synthase 
322 GTNG_RS09050,1-phosphofructokinase 
323 GTNG_RS10530, aminopeptidase 
324 GTNG_RS10850, UDP-glucose 4-epimerase GalE 
325 GTNG_RS10925, Holliday junction resolvase RecU 
326 GTNG_RS10940, endonuclease III 
327 GTNG_RS10950, asparagine--tRNA ligase 
328 GTNG_RS10960, pyridoxal phosphate-dependent aminotransferase 
329 GTNG_RS18305, DUF4264 domain-containing protein 
330 GTNG_RS10980, aspartate 1-decarboxylase 
331 GTNG_RS10985, pantoate--beta-alanine ligase 



Appendix 4.0 
List of 662 core genes obtained using Geobacillus thermodenitrificans NG80-2 as a reference 

for a set of 114 genomes, using EDGAR 2.1 web server 
 

377 
 

332 GTNG_RS10995, bifunctional biotin--[acetyl-CoA-carboxylase] synthetase/biotin operon 
repressor 

333 GTNG_RS11005, N-acetyl-alpha-D-glucosaminyl L-malate synthase BshA 
334 GTNG_RS11015, methylglyoxal synthase 
335 GTNG_RS11020,4-hydroxy-tetrahydrodipicolinate reductase 
336 GTNG_RS11025, nucleotide pyrophosphohydrolase 
337 GTNG_RS11030, YitT family protein 
338 GTNG_RS11040, DUF1405 domain-containing protein 
339 GTNG_RS11045, cytochrome CBB3 
340 GTNG_RS11050, menaquinol-cytochrome c reductase cytochrome b subunit 
341 GTNG_RS11075,3-phosphoshikimate 1-carboxyvinyltransferase 
342 GTNG_RS11080, prephenate dehydrogenase 
343 GTNG_RS11085, histidinol-phosphate aminotransferase 
344 GTNG_RS11095, tryptophan synthase subunit beta 
345 GTNG_RS11115, anthranilate synthase component I 
346 GTNG_RS11125,3-dehydroquinate synthase 
347 GTNG_RS11140, nucleoside-diphosphate kinase 
348 GTNG_RS11150, demethylmenaquinone methyltransferase 
349 GTNG_RS11160, trp RNA-binding attenuation protein MtrB 
350 GTNG_RS11165, GTP cyclohydrolase I FolE 
351 GTNG_RS11170, HU family DNA-binding protein 
352 GTNG_RS11175, stage IV sporulation protein A 
353 GTNG_RS11180, hypothetical protein 
354 GTNG_RS11185, DUF2768 domain-containing protein 
355 GTNG_RS11195, ribosome biogenesis GTPase Der 
356 GTNG_RS11230,30S ribosomal protein S1 
357 GTNG_RS11240, cytidylate kinase 
358 GTNG_RS11265, PrsW family intramembrane metalloprotease 
359 GTNG_RS11280, Glu/Leu/Phe/Val dehydrogenase 
360 GTNG_RS11285, adapter protein MecA 
361 GTNG_RS11340, ferredoxin 
362 GTNG_RS11380, ATP: cob(I)alamin adenosyl transferase 
363 GTNG_RS11425, ABC transporter substrate-binding protein 
364 GTNG_RS11460, HAMP domain-containing protein 
365 GTNG_RS11465, DNA-binding response regulator 
366 GTNG_RS11475, cytochrome c biogenesis protein 
367 GTNG_RS11480, thiol-disulfide oxidoreductase ResA 
368 GTNG_RS11485, rRNA pseudouridine synthase 
369 GTNG_RS11490, spore maturation protein 
370 GTNG_RS11495, spore maturation protein 
371 GTNG_RS11500, D-alanyl-D-alanine carboxypeptidase 
372 GTNG_RS11520, segregation/condensation protein B 
373 GTNG_RS11525, segregation/condensation protein A 
374 GTNG_RS11540,6,7-dimethyl-8-ribityllumazine synthase 
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375 GTNG_RS11545, bifunctional 3,4-dihydroxy-2-butanone-4-phosphate synthase/GTP 
cyclohydrolase II 

376 GTNG_RS11550, riboflavin synthase 
377 GTNG_RS11555, bifunctional diaminohydroxyphosphoribosylaminopyrimidine 

deaminase/5-amino-6-(5-phosphoribosylamino)uracil reductase RibD 
378 GTNG_RS11615, RNA polymerase sporulation sigma factor SigF 
379 GTNG_RS11620, anti-sigma F factor 
380 GTNG_RS11625, anti-sigma F factor antagonist 
381 GTNG_RS11640, purine-nucleoside phosphorylase 
382 GTNG_RS11645, phosphopentomutase 
383 GTNG_RS11650, site-specific tyrosine recombinase XerD 
384 GTNG_RS11655, DUF4227 domain-containing protein 
385 GTNG_RS11660, transcriptional repressor 
386 GTNG_RS11665, stage II sporulation protein M 
387 GTNG_RS11675, NUDIX hydrolase 
388 GTNG_RS11680, aldo/keto reductase 
389 GTNG_RS11695, DUF2552 domain-containing protein 
390 GTNG_RS11700, iron-sulfur cluster biosynthesis family protein 
391 GTNG_RS11715, NAD(P)-dependent oxidoreductase 
392 GTNG_RS11725, pyrroline-5-carboxylate reductase 
393 GTNG_RS11735, ribonuclease Z 
394 GTNG_RS11860, phosphogluconate dehydrogenase (NADP (+)-dependent, 

decarboxylating) 
395 GTNG_RS11895, aromatic acid exporter family protein 
396 GTNG_RS11935,2-oxo acid dehydrogenase subunit E2 
397 GTNG_RS11955, butyrate kinase 
398 GTNG_RS11965, phosphate butyryltransferase 
399 GTNG_RS11975, DUF2627 domain-containing protein 
400 GTNG_RS12000, DNA repair protein RecN 
401 GTNG_RS12020, polyprenyl synthetase family protein 
402 GTNG_RS12025, exodeoxyribonuclease 7 small subunit 
403 GTNG_RS12035, bifunctional methylenetetrahydrofolate 

dehydrogenase/methenyltetrahydrofolate cyclohydrolase 
404 GTNG_RS12040, N utilization substance protein B 
405 GTNG_RS12045, Asp23/Gls24 family envelope stress response protein 
406 GTNG_RS12050, acetyl-CoA carboxylase biotin carboxylase subunit 
407 GTNG_RS12060, SpoIIIAH-like family protein 
408 GTNG_RS12065, stage III sporulation protein AG 
409 GTNG_RS12075, stage III sporulation protein AE 
410 GTNG_RS12080, stage III sporulation protein AD 
411 GTNG_RS12085, stage III sporulation protein AC 
412 GTNG_RS12090, stage III sporulation protein SpoAB 
413 GTNG_RS12095, stage III sporulation protein AA 
414 GTNG_RS12105, elongation factor P 
415 GTNG_RS12110, aminopeptidase P family protein 
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416 GTNG_RS12135, transcriptional regulator MntR 
417 GTNG_RS12190, lipoate--protein ligase family protein 
418 GTNG_RS12195, rhodanese-like domain-containing protein 
419 GTNG_RS12220, aminomethyltransferase 
420 GTNG_RS12225, ATP-dependent helicase 
421 GTNG_RS12230, hypothetical protein 
422 GTNG_RS12235, YqzE family protein 
423 GTNG_RS12280, DUF2626 domain-containing protein 
424 GTNG_RS12290, MBL fold metallo-hydrolase 
425 GTNG_RS18335, DUF2759 domain-containing protein 
426 GTNG_RS12305, glucokinase 
427 GTNG_RS12310, DUF910 domain-containing protein 
428 GTNG_RS12350,50S ribosomal protein L33 
429 GTNG_RS12400, superoxide dismutase 
430 GTNG_RS12410, LysM peptidoglycan-binding domain-containing protein 
431 GTNG_RS12415,4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (flavodoxin) 
432 GTNG_RS12420, hypothetical protein 
433 GTNG_RS12425, nucleotidase 
434 GTNG_RS12455, endonuclease 
435 GTNG_RS12495, RNA polymerase sigma factor RpoD 
436 GTNG_RS12500, DNA primase 
437 GTNG_RS12510, transcriptional regulator 
438 GTNG_RS12515, DNA repair protein RecO 
439 GTNG_RS18345, YqzL family protein 
440 GTNG_RS12520, GTPase Era 
441 GTNG_RS12525, cytidine deaminase 
442 GTNG_RS12530, diacylglycerol kinase 
443 GTNG_RS12535, endoribonuclease YbeY 
444 GTNG_RS12545, PhoH family protein 
445 GTNG_RS12555, sporulation protein YqfC 
446 GTNG_RS12560, GatB/YqeY domain-containing protein 
447 GTNG_RS12565,30S ribosomal protein S21 
448 GTNG_RS12575,2-deoxyribose-5-phosphate aldolase 
449 GTNG_RS12600, molecular chaperone DnaK 
450 GTNG_RS12605, nucleotide exchange factor GrpE 
451 GTNG_RS12610, heat-inducible transcriptional repressor HrcA 
452 GTNG_RS12615, coproporphyrinogen III oxidase 
453 GTNG_RS12620, elongation factor 4 
454 GTNG_RS12625, DUF3679 domain-containing protein 
455 GTNG_RS12630, stage II sporulation protein P 
456 GTNG_RS12635, GPR endopeptidase 
457 GTNG_RS12640,30S ribosomal protein S20 
458 GTNG_RS12660, ComE operon protein 2 
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459 GTNG_RS12670, late competence protein ComER 
460 GTNG_RS12680, ribosome silencing factor 
461 GTNG_RS12685, HD domain-containing protein 
462 GTNG_RS12695, ribosome assembly RNA-binding protein YhbY 
463 GTNG_RS12700, shikimate dehydrogenase 
464 GTNG_RS12705, ribosome biogenesis GTPase YqeH 
465 GTNG_RS12710, YqeG family HAD IIIA-type phosphatase 
466 GTNG_RS12720, phosphatidylserine decarboxylase 
467 GTNG_RS12730, flagellar motor stator protein MotA 
468 GTNG_RS12790, penicillin-binding protein 2 
469 GTNG_RS12795, transcription elongation factor GreA 
470 GTNG_RS12825, DUF1292 domain-containing protein 
471 GTNG_RS12830, Holliday junction resolvase RuvX 
472 GTNG_RS12835, IreB family regulatory phosphoprotein 
473 GTNG_RS12845, AI-2E family transporter 
474 GTNG_RS18365, DUF3918 domain-containing protein 
475 GTNG_RS12850, hypothetical protein 
476 GTNG_RS12875, cysteine desulfurase 
477 GTNG_RS12880, Rrf2 family transcriptional regulator 
478 GTNG_RS12890, replication-associated recombination protein A 
479 GTNG_RS12930, D-aminoacyl-tRNA deacylase 
480 GTNG_RS12935, bifunctional (p)ppGpp synthetase/guanosine-3,5-bis(diphosphate) 3-

pyrophosphohydrolase 
481 GTNG_RS12940, adenine phosphoribosyltransferase 
482 GTNG_RS12970, TIGR04086 family membrane protein 
483 GTNG_RS12975, preprotein translocase subunit YajC 
484 GTNG_RS12985, tRNA preQ1(34) S-adenosylmethionine ribosyltransferase-isomerase 

QueA 
485 GTNG_RS12990, DUF2905 domain-containing protein 
486 GTNG_RS13005, DUF1901 domain-containing protein 
487 GTNG_RS13010, YebC/PmpR family DNA-binding transcriptional regulator 
488 GTNG_RS13065, hypothetical protein 
489 GTNG_RS13070, GTPase ObgE 
490 GTNG_RS13080,50S ribosomal protein L27 
491 GTNG_RS13085, ribosomal-processing cysteine protease Prp 
492 GTNG_RS13090,50S ribosomal protein L21 
493 GTNG_RS13110, septum site-determining protein MinC 
494 GTNG_RS13120, rod shape-determining protein MreC 
495 GTNG_RS13125, rod shape-determining protein 
496 GTNG_RS13245, glutamate-1-semialdehyde 2,1-aminomutase 
497 GTNG_RS13250, porphobilinogen synthase 
498 GTNG_RS13265, cytochrome c 
499 GTNG_RS13270, glutamyl-tRNA reductase 
500 GTNG_RS13285, endopeptidase La 
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501 GTNG_RS13290, ATP-dependent protease LonB 
502 GTNG_RS13310,3-isopropylmalate dehydratase small subunit 
503 GTNG_RS13320,3-isopropylmalate dehydrogenase 
504 GTNG_RS13330, ketol-acid reductoisomerase 
505 GTNG_RS13365, ribonuclease PH 
506 GTNG_RS13375, glutamate racemase 
507 GTNG_RS13385, DNA-binding response regulator 
508 GTNG_RS13390, succinate dehydrogenase iron-sulfur subunit 
509 GTNG_RS13400, succinate dehydrogenase cytochrome B558 
510 GTNG_RS13405, DUF2507 domain-containing protein 
511 GTNG_RS13445, thioredoxin 
512 GTNG_RS13465, TetR family transcriptional regulator 
513 GTNG_RS13490, membrane protein 
514 GTNG_RS13495, cell division protein ZapA 
515 GTNG_RS13540, phenylalanine--tRNA ligase subunit alpha 
516 GTNG_RS13545, RNA methyltransferase 
517 GTNG_RS13555, small acid-soluble spore protein SspI 
518 GTNG_RS13620, S-adenosylmethionine decarboxylase proenzyme 
519 GTNG_RS13635, DNA-formamidopyrimidine glycosylase 
520 GTNG_RS13660, malate dehydrogenase 
521 GTNG_RS13665, NADP-dependent isocitrate dehydrogenase 
522 GTNG_RS13670, citrate synthase 
523 GTNG_RS13675, DUF441 domain-containing protein 
524 GTNG_RS13680, sporulation integral membrane protein YtvI 
525 GTNG_RS13685, pyruvate kinase 
526 GTNG_RS13690,6-phosphofructokinase 
527 GTNG_RS13695, acetyl-CoA carboxylase carboxyl transferase subunit alpha 
528 GTNG_RS13700, acetyl-CoA carboxylase carboxyl transferase subunit beta 
529 GTNG_RS13715, sporulation protein 
530 GTNG_RS13775, argininosuccinate synthase 
531 GTNG_RS13800, acetate kinase 
532 GTNG_RS13805, class I SAM-dependent methyltransferase 
533 GTNG_RS13850, tRNA 4-thiouridine (8) synthase ThiI 
534 GTNG_RS13855, cysteine desulfurase 
535 GTNG_RS13880,30S ribosomal protein S4 
536 GTNG_RS13910, tyrosine--tRNA ligase 
537 GTNG_RS13945,3-deoxy-7-phosphoheptulonate synthase 
538 GTNG_RS13950, bacillithiol system redox-active protein YtxJ 
539 GTNG_RS13960, DUF948 domain-containing protein 
540 GTNG_RS13965, UDP-N-acetylmuramate--L-alanine ligase 
541 GTNG_RS13975, DUF4479 domain-containing protein 
542 GTNG_RS13980, DUF1444 domain-containing protein 
543 GTNG_RS13990, M42 family peptidase 
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544 GTNG_RS14005, tRNA (guanosine(46)-N7)-methyltransferase TrmB 
545 GTNG_RS14015, phosphotransferase 
546 GTNG_RS14040, dipeptidase PepV 
547 GTNG_RS14050, rRNA pseudouridine synthase 
548 GTNG_RS14060, polysaccharide biosynthesis protein 
549 GTNG_RS14065, NAD(P)/FAD-dependent oxidoreductase 
550 GTNG_RS14110, DUF2600 domain-containing protein 
551 GTNG_RS14115, gamma carbonic anhydrase family protein 
552 GTNG_RS14130, DUF2584 domain-containing protein 
553 GTNG_RS14145, ABC transporter ATP-binding protein 
554 GTNG_RS14150, ABC transporter permease 
555 GTNG_RS14155, nucleoside triphosphatase YtkD 
556 GTNG_RS14180, S-ribosylhomocysteine lyase 
557 GTNG_RS18410, DUF1540 domain-containing protein 
558 GTNG_RS14230,2-succinyl-5-enolpyruvyl-6-hydroxy-3- cyclohexene-1-carboxylate 

synthase 
559 GTNG_RS14240,1,4-dihydroxy-2-naphthoate polyprenyltransferase 
560 GTNG_RS14845, hypothetical protein 
561 GTNG_RS14855, glucose-6-phosphate isomerase 
562 GTNG_RS14860, Long-chain-alcohol dehydrogenase 2 
563 GTNG_RS14870, general stress protein 
564 GTNG_RS14880, Lrp/AsnC family transcriptional regulator 
565 GTNG_RS14980, hypothetical protein 
566 GTNG_RS14985, membrane protein 
567 GTNG_RS15000, NAD(P)/FAD-dependent oxidoreductase 
568 GTNG_RS15005, iron-sulfur cluster insertion protein ErpA 
569 GTNG_RS15010, diaminopimelate epimerase 
570 GTNG_RS15015, DUF1450 domain-containing protein 
571 GTNG_RS15025, DUF1462 domain-containing protein 
572 GTNG_RS15030, NifU family protein 
573 GTNG_RS15045, homoserine dehydrogenase 
574 GTNG_RS15070, DUF86 domain-containing protein 
575 GTNG_RS15085, DUF1027 domain-containing protein 
576 GTNG_RS15090, sporulation protein 
577 GTNG_RS15095, lipoyl synthase 
578 GTNG_RS15135, DUF1805 domain-containing protein 
579 GTNG_RS15145, sulfite exporter TauE/SafE family protein 
580 GTNG_RS15195, Fe-S cluster assembly protein SufD 
581 GTNG_RS15225, methionine ABC transporter ATP-binding protein 
582 GTNG_RS15235, thioredoxin 
583 GTNG_RS15250, glycine cleavage system protein H 
584 GTNG_RS18435, YuzL family protein 
585 GTNG_RS15280, hypothetical protein 
586 GTNG_RS15440, SsrA-binding protein 
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587 GTNG_RS15445, ribonuclease R 
588 GTNG_RS15490, type I glyceraldehyde-3-phosphate dehydrogenase 
589 GTNG_RS15515, ATP-dependent Clp protease proteolytic subunit 
590 GTNG_RS15520, HPr family phosphocarrier protein 
591 GTNG_RS15525, sporulation regulator WhiA 
592 GTNG_RS15575, imidazole glycerol phosphate synthase subunit HisH 
593 GTNG_RS15580, imidazoleglycerol-phosphate dehydratase 
594 GTNG_RS15590, ATP phosphoribosyltransferase 
595 GTNG_RS15680, cell division ATP-binding protein FtsE 
596 GTNG_RS15685, cytochrome c 
597 GTNG_RS15700, protein translocase subunit SecA 1 
598 GTNG_RS15705, ribosomal subunit interface protein 
599 GTNG_RS15755, carbon storage regulator 
600 GTNG_RS15760, flagellar assembly protein FliW 
601 GTNG_RS15785, flagellar biosynthesis anti-sigma factor FlgM 
602 GTNG_RS15795, DUF327 domain-containing protein 
603 GTNG_RS15845, YigZ family protein 
604 GTNG_RS15995, hypothetical protein 
605 GTNG_RS16010, aspartate kinase 
606 GTNG_RS16765, flagellar hook-basal body protein 
607 GTNG_RS16770, flagellar hook-basal body protein 
608 GTNG_RS16775, rod shape-determining protein 
609 GTNG_RS16780, sporulation transcriptional regulator SpoIIID 
610 GTNG_RS16835, peptidase M23 
611 GTNG_RS16845, UDP-N-acetylglucosamine 1-carboxyvinyltransferase 
612 GTNG_RS16855, membrane protein 
613 GTNG_RS16915, ATP synthase epsilon chain 
614 GTNG_RS16925, F0F1 ATP synthase subunit gamma 
615 GTNG_RS16935, ATP synthase subunit delta 
616 GTNG_RS16940, ATP synthase subunit B 
617 GTNG_RS16945, ATP synthase subunit C 
618 GTNG_RS16950, F0F1 ATP synthase subunit A 
619 GTNG_RS16970, serine hydroxymethyltransferase 
620 GTNG_RS16975, TIGR01440 family protein 
621 GTNG_RS16990, low molecular weight protein arginine phosphatase 
622 GTNG_RS17005, stage II sporulation protein R 
623 GTNG_RS17010, peptide chain release factor N (5)-glutamine methyltransferases 
624 GTNG_RS17015, peptide chain release factor 1 
625 GTNG_RS17025, thymidine kinase 
626 GTNG_RS17030,50S ribosomal protein L31 
627 GTNG_RS17040, fructose-bisphosphatase class II 
628 GTNG_RS17045, UDP-N-acetylglucosamine 1-carboxyvinyltransferase 
629 GTNG_RS17050, transaldolase 
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630 GTNG_RS17055, fructose-1,6-bisphosphate aldolase, class II 
631 GTNG_RS17060, response regulator 
632 GTNG_RS17065, DUF2529 domain-containing protein 
633 GTNG_RS17070, CTP synthase 
634 GTNG_RS17130, arginine--tRNA ligase 
635 GTNG_RS17145, agmatinase 
636 GTNG_RS17150, polyamine aminopropyltransferase 
637 GTNG_RS17155, penicillin-binding protein 2D 
638 GTNG_RS17165, site-2 protease family protein 
639 GTNG_RS17170,4-oxalocrotonate tautomerase 
640 GTNG_RS17180, hypothetical protein 
641 GTNG_RS17185, HD domain-containing protein 
642 GTNG_RS17190, DUF1450 domain-containing protein 
643 GTNG_RS17195, RsfA family transcriptional regulator 
644 GTNG_RS17200, lipoate--protein ligase family protein 
645 GTNG_RS17205, phosphate acetyltransferase 
646 GTNG_RS17215, cell wall hydrolase 
647 GTNG_RS17220, spore coat protein GerQ 
648 GTNG_RS17235, DUF423 domain-containing protein 
649 GTNG_RS17330, amino acid ABC transporter permease 
650 GTNG_RS17435,23S rRNA (pseudouridine (1915)-N (3))-methyltransferase RlmH 
651 GTNG_RS17445, MBL fold metallo-hydrolase 
652 GTNG_RS17460, cell wall metabolism sensor histidine kinase WalK 
653 GTNG_RS17470, adenylosuccinate synthetase 
654 GTNG_RS17475, replicative DNA helicase 
655 GTNG_RS17480,50S ribosomal protein L9 
656 GTNG_RS17485, DHH family phosphoesterase 
657 GTNG_RS17525,30S ribosomal protein S6 
658 GTNG_RS17540, DUF951 domain-containing protein 
659 GTNG_RS17565, ParA family protein 
660 GTNG_RS17570, nucleoid occlusion protein 
661 GTNG_RS17595, OxaA precursor 
662 GTNG_RS17600, ribonuclease P protein component 
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Appendix 4.1. List of selected NCBI genomes for performing the phylogenetic study of thermophilic genera 

Anoxybacillus, Geobacillus, Parageobacillus and selected genomes of NCBI BioProject PRJNA516322.  

Genomes classified by clades according to their location in the dendrogram, including its relevant statistics and assembly level. 

Clade Organism Name Strain BioSample BioProject Assembly Level Size 
(Mb) 

GC 
(%) 

I-a Geobacillus galactosidasius DSM 18751 SAMN06770004 PRJNA383662 GCA_002217735.1 Contig 3.8 41.6 
I-a Geobacillus genomosp JF8 SAMN02603868 PRJNA208285 GCA_000445995.2 Complete 3.5 52.8 
I-a Geobacillus icigianus G1w1 SAMN02850065 PRJNA246135 GCA_000750005.1 Contig 3.5 52.0 
I-a Geobacillus jurassicus NBRC 107829 SAMD00045741 PRJDB428 GCA_001544315.1 Contig 3.5 52.2 
I-a Geobacillus kaustophilus Et2/3 SAMN03025779 PRJNA260741 GCA_000948165.1 Contig 3.5 51.8 
I-a Geobacillus kaustophilus Et7/4 SAMN03025780 PRJNA260742 GCA_000948285.1 Contig 3.7 51.7 
I-a Geobacillus kaustophilus GBlys SAMD00036748 PRJDB1127 GCA_000415905.1 Contig 3.5 52.1 
I-a Geobacillus kaustophilus HTA426 SAMD00061072 PRJNA13233 GCA_000009785.1 Complete 3.6 52.0 
I-a Geobacillus kaustophilus NBRC 102445 SAMD00000360 PRJDB414 GCA_000739955.1 Contig 3.5 52.0 
I-a Geobacillus lituanicus N-3 SAMN05894097 PRJNA347631 GCA_002243605.1 Complete 3.5 52.2 
I-a Geobacillus sp. 46C-IIa SAMN06347030 PRJNA354604 GCA_002077765.1 Scaffold 3.5 52.1 
I-a Geobacillus sp. 47C-IIb SAMN06347031 PRJNA354604 GCA_002077775.1 Scaffold 3.4 49.6 
I-a Geobacillus sp. FJAT-46040 SAMN07212131 PRJNA390033 GCA_002335725.1 Scaffold 3.4 52.3 
I-a Geobacillus sp. 1017 SAMN06043560 PRJNA353982 GCA_001908025.1 Contig 3.6 51.8 
I-a Geobacillus sp. 44B SAMN06347028 PRJNA354604 GCA_002077755.1 Contig 3.5 44.6 
I-a Geobacillus sp. 44C SAMN06347029 PRJNA354604 GCA_002077865.1 Scaffold 3.2 42.3 
I-a Geobacillus sp. B4113_201601 SAMN04390296 PRJNA270597 GCA_001587475.1 Scaffold 3.7 51.3 
I-a Geobacillus sp. C56-T3 SAMN02598534 PRJNA41701 GCA_000092445.1 Complete 3.7 52.5 
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I-a Geobacillus sp. CAMR5420 SAMN02715734 PRJNA243324 GCA_000691465.1 Contig 3.5 51.9 
I-a Geobacillus sp. FW23 SAMN02687994 PRJNA241053 GCA_000617945.1 Contig 3.5 52.2 
I-a Geobacillus sp. GHH01 SAMN02603276 PRJNA180997 GCA_000336445.1 Complete 3.6 52.3 
I-a Geobacillus sp. LEMMY01 SAMN06309877 PRJNA373874 GCA_002042905.1 Contig 3.6 51.9 
I-a Geobacillus sp. LYN3 SAMN08933550 PRJNA450255 GCA_003064505.1 Scaffold 3.2 42.6 
I-a Geobacillus sp. Manikaran-105 SAMN08056006 PRJNA354604 GCA_002809955.1 Scaffold 3.2 52.5 
I-a Geobacillus sp. MAS1 SAMN02371536 PRJNA222590 GCA_000498995.1 Scaffold 3.5 52.2 
I-a Geobacillus sp. PA-3 SAMN03963308 PRJNA292061 GCA_001412125.1 Contig 3.7 48.9 
I-a Geobacillus sp. Sah69 SAMN04161460 PRJNA298658 GCA_001414205.1 Contig 3.0 52.6 
I-a Geobacillus sp. T6 SAMN03734430 PRJNA284908 GCA_001025095.1 Contig 3.7 51.9 
I-a Geobacillus sp. WCH70 SAMN00000635 PRJNA20805 GCA_000023385.1 Complete 3.5 42.8 
I-a Geobacillus sp. WSUCF-018B SAMN08056005 PRJNA354604 GCA_002809985.1 Scaffold 3.2 52.5 
I-a Geobacillus sp. Y4.1MC1 SAMN00002562 PRJNA33183 GCA_000166075.1 Complete 3.9 44.0 
I-a Geobacillus sp. Y412MC52 SAMN00713574 PRJNA30797 GCA_000174795.2 Complete 3.7 52.3 
I-a Geobacillus sp. Y412MC61 SAMN00017500 PRJNA30537 GCA_000024705.1 Complete 3.7 52.3 
I-a Geobacillus sp. ZGt-1 SAMN03420899 PRJNA278519 GCA_001026865.1 Scaffold 3.5 52.1 
I-a Geobacillus sp. BMUD SAMN10787408 PRJNA516322 SDLA00000000 Contig 3.5 52.0 
I-a Geobacillus sp. MR SAMN10787385 PRJNA516322 SDLB00000000 Contig 3.6 48.9 
I-a Geobacillus sp. MMMUD3 SAMN10787384 PRJNA516322 SDLC00000000 Contig 4.7 55.3 
I-a Geobacillus sp. DSP4a SAMN10787358 PRJNA516322 SDLD00000000 Contig 3.3 52.3 

I-a Geobacillus 
stearothermophilus A1 SAMN03651168 PRJNA282772 GCA_001183895.1 Scaffold 3.0 52.0 

I-a Geobacillus 
stearothermophilus B4109 SAMN03267293 PRJNA270597 GCA_001587495.1 Scaffold 2.8 52.5 

I-a Geobacillus 
stearothermophilus B4114 SAMN03267294 PRJNA270597 GCA_001587395.1 Scaffold 2.8 52.8 

I-a Geobacillus 
stearothermophilus D1 SAMN03651170 PRJNA282772 GCA_001183885.1 Scaffold 3.0 52.2 

I-a Geobacillus 
stearothermophilus DSM 458 SAMN05300636 PRJNA327158 GCA_002300135.1 Complete 3.5 52.1 

I-a Geobacillus 
stearothermophilus GS27 SAMN04532070 PRJNA314192 GCA_001651555.1 Scaffold 2.7 52.5 
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I-a Geobacillus 
stearothermophilus P3 SAMN03651169 PRJNA282772 GCA_001183915.1 Scaffold 3.0 52.0 

I-a Geobacillus 
stearothermophilus 10 SAMN04012428 PRJNA252389 GCA_001274575.1 Complete 3.7 52.6 

I-a Geobacillus 
stearothermophilus ATCC 12980 SAMN03291237 PRJNA212538 GCA_001277805.1 Scaffold 2.6 53.1 

I-a Geobacillus 
stearothermophilus ATCC 7953 SAMN02569809 PRJNA233505 GCA_000705495.1 Contig 2.8 52.4 

I-a Geobacillus subterraneus K SAMN04633529 PRJNA318163 GCA_001632595.1 Contig 3.3 52.3 
I-a Geobacillus subterraneus KCTC 3922 SAMN04445793 PRJNA310054 GCA_001618685.1 Complete 3.5 52.2 
I-a Geobacillus subterraneus PSS2 SAMN02744825 PRJNA214283 GCA_000744755.1 Contig 3.8 51.6 

I-a Geobacillus 
thermocatenulatus BGSC 93A1 SAMN06768585 PRJNA383645 GCA_002217655.1 Contig 3.6 51.8 

I-a Geobacillus 
thermocatenulatus KCTC 3921 SAMN06016323 PRJNA353561 GCA_002243665.1 Complete 3.7 51.9 

I-a Geobacillus 
thermocatenulatus GS-1 SAMN02592613 PRJNA233553 GCA_000612265.1 Contig 3.5 52.1 

I-a Geobacillus 
thermodenitrificans G11MC16 SAMN02441802 PRJNA28341 GCA_000173035.1 Contig 3.6 48.8 

I-a Geobacillus 
thermodenitrificans JSC_T9a SAMN08056007 PRJNA354604 GCA_002810005.1 Scaffold 3.5 48.9 

I-a Geobacillus 
thermodenitrificans KCTC3902 SAMN05894115 PRJNA347632 GCA_002072065.1 Complete 3.5 49.1 

I-a Geobacillus 
thermodenitrificans OS27 SAMN08135953 PRJNA421250 GCA_003061505.1 Contig 3.4 49.2 

I-a Geobacillus 
thermodenitrificans T12 SAMN06459234 PRJNA377291 GCA_002119625.1 Complete 3.8 48.8 

I-a Geobacillus 
thermodenitrificans NG80-2 SAMN02603899 PRJNA18655 GCA_000015745.1 Complete 3.6 48.9 

I-a 
Geobacillus 
thermodenitrificans subsp. 
thermodenitrificans 

DSM 465 SAMN02386948 PRJNA224955 GCA_000496575.1 Contig 3.4 49.0 

I-a Geobacillus thermoleovorans FJAT-2391 SAMN04631815 PRJNA340206 GCA_001719205.1 Complete 3.5 52.2 
I-a Geobacillus thermoleovorans ID-1 SAMN05893589 PRJNA347629 GCA_002706565.1 Complete 3.8 49.0 
I-a Geobacillus thermoleovorans KCTC 3570 SAMN04455789 PRJNA310809 GCA_001610955.1 Complete 3.5 52.3 
I-a Geobacillus thermoleovorans N7 SAMN04633480 PRJNA318151 GCA_001707765.1 Contig 3.4 52.4 
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I-a Geobacillus thermoleovorans SGAir0734 SAMN08222721 PRJNA388547 GCA_003182675.2 Complete 3.7 52.0 
I-a Geobacillus thermoleovorans SURF-48B SAMN06347032 PRJNA354604 GCA_002077815.1 Scaffold 3.4 52.6 
I-a Geobacillus thermoleovorans B23 SAMD00036769 PRJDB1475 GCA_000474195.1 Contig 3.4 52.3 
I-a Geobacillus thermoleovorans CCB_US3_UF5 SAMN02603099 PRJNA76489 GCA_000236605.1 Complete 3.6 52.3 
I-a Geobacillus uzenensis BGSC 92A1 SAMN06768593 PRJNA383648 GCA_002217665.1 Contig 3.4 52.2 
I-a Geobacillus vulcani PSS1 SAMN02744877 PRJNA214297 GCA_000733845.1 Contig 3.4 52.4 
I-a Geobacillus yumthangensis AYN2 SAMN07653191 PRJNA407404 GCA_002494375.1 Scaffold 3.4 42.4 
I-a Geobacillus zalihae SURF-114 SAMN06347033 PRJNA354604 GCA_002077855.1 Contig 3.4 52.4 
I-a Geobacillus zalihae SURF-189 SAMN06347034 PRJNA354604 GCA_002077835.1 Scaffold 3.6 52.4 
I-a Geobacillus zalihae NBRC 101842 SAMD00045737 PRJDB415 GCA_001544135.1 Contig 3.5 51.9 
I-b Parageobacillus genomosp. 1 NUB3621 SAMN02727286 PRJNA189971 GCA_000632515.1 Complete 3.6 44.4 

I-b Parageobacillus 
thermantarcticus M1 SAMN05192569 PRJEB17059 GCA_900111865.1 Scaffold 3.4 43.7 

I-b Parageobacillus 
caldoxylosilyticus B4119 SAMN03267290 PRJNA270597 GCA_001587505.1 Scaffold 3.9 44.0 

I-b Parageobacillus 
thermoglucosidasius DSM 2542 SAMN04099008 PRJNA296418 GCA_001295365.1 Complete 3.9 43.9 

I-b Parageobacillus toebii NBRC 
107807 DSM 14590 SAMN09062732 PRJNA455457 GCA_003688615.1 Contig 3.3 42.4 

I-b Parageobacillus sp. NFOSA3 SAMN10787357 PRJNA516322 SDLE00000000 Contig 3.4 42.1 
I-c Anoxybacillus flavithermus B4168 SAMN03267297 PRJNA270597 GCA_001587555.1 Scaffold 3.7 43.8 
I-c Anoxybacillus sp b2m1 SAMN04528779 PRJNA314078 GCA_001634265.1 Complete 3.8 42.5 
I-c Anoxybacillus sp b7m1 SAMN04528789 PRJNA314079 GCA_001634305.1 Complete 3.9 42.5 
I-c Anoxybacillus sp P3H1B SAMN04324283 PRJNA305084 GCA_001560855.1 Contig 3.5 42.6 
I-c Anoxybacillus sp UARK-01 SAMN06624670 PRJNA379989 GCA_002075365.1 Contig 3.7 42.6 
I-c Anoxybacillus tepidamans PS2 SAMN02952993 PRJNA214279 GCA_000620165.1 Scaffold 3.4 43.0 
II Anoxybacillus ayderensis AB04 SAMN03003524 PRJNA258494 GCA_000833605.1 Contig 2.8 41.8 

II Anoxybacillus ayderensis MT-Cab SAMN06675368 PRJNA236114 GCA_002117565.1 Contig 2.6 41.9 

II Anoxybacillus ayderensis SK3-4 SAMN02471430 PRJNA174378 GCA_000443775.1 Contig 2.7 41.9 
II Anoxybacillus flavithermus 52-1A SAMN06925341 PRJNA386099 GCA_002197485.1 Complete 2.8 42.2 
II Anoxybacillus flavithermus AF14 SAMN04530316 PRJNA314192 GCA_001651525.1 Scaffold 2.6 41.8 
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II Anoxybacillus flavithermus AF16 SAMN04532071 PRJNA314192 GCA_001651545.1 Scaffold 2.7 41.1 
II Anoxybacillus flavithermus DSM 2641T SAMN06758772 PRJNA383058 GCA_002243705.1 Complete 2.8 41.8 
II Anoxybacillus flavithermus KU2-6_11 SAMN07831762 PRJNA415688 GCA_002742685.1 Contig 2.7 41.5 
II Anoxybacillus flavithermus WK1 SAMN02604185 PRJNA28245 GCA_000019045.1 Complete 2.9 41.8 
II Anoxybacillus flavithermus AK1 SAMN02470127 PRJNA190633 GCA_000353425.1 Contig 2.6 42.7 
II Anoxybacillus flavithermus NBRC 109594 SAMD00036730 PRJDB1085 GCA_000367505.1 Contig 2.8 41.7 
II Anoxybacillus flavithermus TNO-09.006 SAMN02471214 PRJNA169174 GCA_000327465.1 Scaffold 2.7 41.8 

II Anoxybacillus flavithermus 
subsp. yunnanensis E13 SAMN02298030 PRJNA213809 GCA_000753835.1 Scaffold 2.8 41.6 

II Anoxybacillus gonensis DT3-1 SAMN02471428 PRJNA182115 GCA_000346275.1 Contig 2.6 41.5 
II Anoxybacillus gonensis G2 SAMN03121471 PRJNA290998 GCA_001187595.1 Complete 2.8 41.7 
II Anoxybacillus gonensis G2 SAMN03121471 PRJNA264351 GCA_000770375.1 Complete 2.8 41.5 
II Anoxybacillus kamchatkensis G10 SAMN02470192 PRJNA170961 GCA_000283415.1 Contig 2.9 41.3 
II Anoxybacillus mongoliensis MB4 SAMN05449942 PRJNA356103 GCA_001914435.1 Contig 2.8 41.7 
II Anoxybacillus pushchinoensis K1 SAMN05216169 PRJEB17036 GCA_900111795.1 Scaffold 2.6 42.1 
II Anoxybacillus sp. 103 SAMN06020137 PRJNA353767 GCA_001996285.1 Scaffold 2.7 41.6 
II Anoxybacillus sp. CHMUD SAMN10786853 PRJNA516322 SDLG00000000 Contig 2.7 41.8 
II Anoxybacillus sp. EFIL SAMN10786848 PRJNA516322 SDLH00000000 Contig 2.8 41.9 
II Anoxybacillus suryakundensis DSM 27374 SAMN03840601 PRJNA288979 GCA_001418025.1 Scaffold 2.6 41.5 
II Anoxybacillus thermarum AF/04 SAMN03078685 PRJNA260786 GCA_000836725.1 Contig 2.7 42.0 

Outgroup Bacillus subtilis subsp. 
spizizenii TU-B-10 SAMN02603352 PRJNA68561 GCA_000227465.1 Complete 4.2 43.8 

(?) Anoxybacillus amylolyticus DSM 15939 SAMN04570556 PRJNA315823 GCA_001634285.1 Complete 3.2 43.6 
I (?) Anoxybacillus vitaminiphilus CGMCC 1.8979 SAMN06296536 PRJNA370109 GCA_003259935.1 Scaffold 3.6 40.1 
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Appendix 4.2. List of NCBI genome assemblies excluded from the phylogenetic study of thermophilic genera 

Anoxybacillus, Geobacillus and Parageobacillus. 

Organism Name Description BioSample BioProject Assembly 
Anoxybacillus flavithermus 25 Reduced the number of core genes. Excluded from 

refseq: many frameshifted proteins 
SAMN02988316 PRJNA258119 GCA_000753775.1 

Anoxybacillus sp. BCO1 Excluded due to comparatively small number of 
CDS in the assembly annotations and reduced the 
number of core genes. 

SAMN03075636 PRJNA261743 GCA_000787435.1 

Anoxybacillus sp. KU2-6(11) Excluded due to comparatively small number of 
CDS in the assembly annotations and reduced the 
number of core genes. 

SAMN02991088 PRJNA258246 GCA_000753875.1 

Geobacillus sp. 12AMOR1 Anomalous assembly. Excluded from refseq: 
Kimeric 

SAMN03400067 PRJNA277925 GCA_001028085.1 

Geobacillus sp. 15 Anomalous assembly. Excluded from refseq: 
contaminated 

SAMN04566681 PRJNA315614 GCA_001624615.1 

Geobacillus sp. 8 Reduced the number of core genes. It is not 
Geobacillus or Anoxybacillus. 

SAMN04566680 PRJNA315613 GCA_001624605.1 

Geobacillus sp. A8 Excluded due to comparatively small number of 
CDS in the assembly annotations and reduced the 
number of core genes. 

SAMN03382575 PRJNA276936 GCA_003263855.1 

Geobacillus sp. BCO2 Reduced the number of core genes. Excluded from 
refseq: many frameshift proteins 

SAMN03075634 PRJNA261745 GCA_001294475.1 

Geobacillus sp. CAMR12739 Reduced the number of core genes. Excluded from 
refseq: many frameshift proteins 

SAMN02715733 PRJNA243323 GCA_000691445.1 

Geobacillus sp. JS12 Excluded from refseq: many frameshift proteins SAMN04544377 PRJNA314835 GCA_001592395.1 

Geobacillus sp. LC300 Anomalous assembly. Excluded from refseq: 
Kimeric 

SAMN02903857 PRJNA254417 GCA_001191625.1 
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Geobacillus sp. WSUCF1 Reduced the number of core genes. Excluded from 
refseq: many frameshift proteins 

SAMN02471005 PRJNA192273 GCA_000422025.1 

Geobacillus stearothermophilus 
22 

Anomalous assembly. Excluded from refseq: 
contaminated 

SAMN02769493 PRJNA246673 GCA_000743495.1 

Geobacillus stearothermophilus 
53 

Anomalous assembly. Excluded from refseq: 
contaminated 

SAMN02850071 PRJNA252422 GCA_000749985.1 

Geobacillus stearothermophilus 
C1BS50MT1 

Anomalous assembly. Excluded from refseq: 
contaminated 

SAMN04378115 PRJNA305084 GCA_001620045.1 

Geobacillus sp. ZCTH4_G Excluded from refseq: derived from metagenome SAMN08628109 PRJNA436557 GCA_003388745.1 

Anoxybacillus suryakundensis 
DSM 27374 

Duplicate assembly of GCA_001418025.1 SAMN03840601 PRJEB10551 GCA_001517225.1 

Anoxybacillus geothermalis 
ATCC BAA 2555 

It has a genome size two times the average of 
Anoxybacillus and Geobacillus. 

SAMN03025781 PRJNA260743 GCA_001587555.1 
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Appendix 4.3. Representative figure of average nucleotide identity (ANI) similarity matrix for all genomes.  

 

Description: Colour scale represents values from 66.31% (light blue) to 100% (dark blue). Values are included in all cells of the matrix. Due to 

the size of this document, the original Microsoft excel document available on request or can be downloaded in the following link: 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing  

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing
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Appendix 4.4. Representative figure of average amino acid identity (AAI) similarity matrix for all genomes. 
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Appendix 4.4. Representative figure of average amino acid identity (AAI) similarity matrix for all genomes.  

 

Description: Colour scale represents values from 57.01% (light blue) to 100% (dark blue). Values are included in all cells of the matrix. Due to 

the size of this document, the original Microsoft excel document available on request or can be downloaded in the following link: 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing
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Appendix 4.5. Representative figure. Average nucleotide identity (ANI) similarity matrix is shown in lower left 

triangle and average amino acid identity (AAI). 

Description: similarity matrix is shown upper right triangle. Maximum likelihood tree constructed from alignment of core genes (Figure 4.1) is 

shown in alignment with the matrix including clades and subclades. Samples in the matrix are ordered according to the maximum likelihood tree 

(Figure 4.1). Colour scale represents values from 57.01% (light blue) to 100% (dark blue). Values are included in all cells of the matrix. Due to 

the size of this document, the original Microsoft excel document available on request or can be downloaded in the following link: 

https://drive.google.com/drive/folders/1OIqtKEWYmDkK0oIXrVFSn_HMXgPuBlxm?usp=sharing 
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