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Abstract: Background: Microbial contamination is a significant challenge for the pharmaceutical
sector, especially for heat-sensitive sterile products. This contamination can alter the physical and
chemical properties of pharmaceutical products, compromising quality and safety. Correct bacterial
identification is essential for tracing sources of contamination and implementing preventive and
corrective measures. Matrix-Assisted Laser Desorption Ionization-Time of Flight/Mass Spectrometry
(MALDI-TOF MS) technology has revolutionized microbial identification, but there are limitations in
the databases, requiring additional analyses, such as sequencing of the 165 rRNA and housekeeping
genes and/or whole genome sequencing. Objectives: This review explores the challenges of
identifying bacterial contaminants in the pharmaceutical industry using 165 rRNA gene sequences.
Additional sequencing of housekeeping genes can be useful for differentiating bacteria at the species
level. Advances in DNA sequencing technology have expanded genomic taxonomy, allowing for
more accurate bacterial classification. This study aims to demonstrate how the combination of these
methods increases the accuracy of bacterial identification. Conclusions and future directions:
MALDI-TOF MS is widely used in the pharmaceutical sector for bacterial identification. A public
database of spectral profiles of environmental bacterial isolates would be essential for bacterial
identification and information exchange between institutions. Complementary methods, such as 165
rRNA and housekeeping genes sequencing, can provide reliable bacterial identification and allow
the expansion of the MALDI-TOF MS database. Advances in genomic taxonomy have enabled the
development of genomic taxonomy tools to improve bacterial identification. The combination of
multiple methods provides greater precision and overcomes the limitations of single-gene
approaches.

Keywords: 165 rRNA gene sequencing; housekeeping genes; MALDI-TOF MS; genomic taxonomy
analysis; environmental bacterial isolates

1. Background

Microbial contamination is one of the biggest obstacles facing the pharmaceutical industry,
especially for heat-sensitive sterile products such as immunobiologicals that cannot be terminally
sterilized. Microbial contamination can alter the physical and chemical properties of pharmaceutical
products and excipients, affecting product quality and consumer safety. Therefore, the performance
of microbiological testing is essential for the quality control of these products [1,2]. Good
Manufacturing Practices (GMPs) must be followed to reduce the risk of microbial contamination in
pharmaceutical production environments, in order to ensure that biological products meet, among
other parameters, acceptable limits for microorganisms [3].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Several groups of bacteria may be present as contaminants in clean areas, but aerobic endospore-
forming bacteria have been described as one of the most important groups of bacteria isolated from
these environments, due to their ability to produce spores that are resistant to temperature variations
and to the sanitizers used in industry, allowing them to persist in the environment for long periods
[1,3]. Identification of the detected microbiome is essential to investigate the source of contamination
and consequently to take preventive and corrective measures [2,4,5].

A bacterial species is characterized as a group of strains, including the type strain, that share
more than 70% similarity in DNA-DNA hybridization (DDH), maximum of 2% G+C span, values
above 98.7% in 16S rRNA gene sequence identity, and distinct chemotaxonomic and phenotypic
characteristics [6]. Several identification methods are used in clinical or industrial laboratories to
identify the bacterial species, which are described in more detail below.

Matrix-Assisted Laser Desorption Ionization-Time of Flight/Mass Spectrometry (MALDI-TOF
MS) technology has been widely used to identify microorganisms contaminating pharmaceutical
production environments because it offers several advantages over other identification methods,
particularly in terms of speed and greater specificity and sensitivity [1,3,7]. Therefore, if the MALDI-
TOF database fails to identify a bacterial isolate, it is necessary to sequence the 16S rRNA gene and
some housekeeping genes according to the suspected species or genera, or even the whole genome
to perform genomic taxonomy analyses [1,7,8]. The biggest challenge is when the strain is a potential
new species and the genes and/or genomes of all the closest species in the genus are not deposited in
the databases for the purpose of comparing similarities and reconstructing the phylogenetic tree.

This review discusses the difficulties encountered in identifying environmental bacterial isolates
from pharmaceutical facilities using MALDI-TOF MS technology, 165 rRNA and housekeeping gene
sequence analyses, which often require genomic taxonomy analyses using genome sequencing data.

2. Phenotypic Identification

Phenotypic identification using commercial biochemical systems can be performed before the
bacterial isolate is submitted for identification by MALDI-TOF MS or gene sequencing. Biochemical
identification of environmental isolates using commercial biochemical systems such as API® sytem
(bioMérieux, Craponne, France) and VITEK® 2 Compact System (bioMérieux, Craponne, France) is
still used in the pharmaceutical industry [9-11].

The API® system consists of a series of biochemical tests based on the fermentation of sugars
(carbohydrates), assimilation of other carbon sources and the production of unique enzymes and
metabolites. These tests are used to identify Gram-positive, Gram-negative bacteria and yeasts. The
type of kit is selected based on colony morphology and staining results. The API profiles obtained
are identified using the APIWEB™ database [12,13].

The VITEK® 2 system is used for microbial identification and antimicrobial susceptibility
testing. It consists of a card filling/sealing system, an incubator/reader, coupled to a computer.
Microbial identification is performed using cards containing dehydrated biochemical substrates that
require no additional reagents. As with the API® system, card selection is based on colony
morphology and staining results. VITEK® identification includes microbial species of clinical and
industrial importance [14].

Both systems have potential limitations, such as (i) the difficulty in determining phenotypic
variation between strains; (ii) some may show different results in repeated tests; (iii) limited
databases; (iv) small changes in test performance can give false results. In addition, non-fermenting
bacteria can be problematic due to their phenotypic variations and slower growth rates [15].

For microorganisms of environmental origin and pharmaceutical products, some studies show
the need for molecular methods to complete the identification of different bacterial groups. It is
important to note that despite the ineffectiveness of these methods in phenotypic identification, the
results of biochemical assays can be useful in differentiating some species [10,11].

3. MALDI-TOF MS
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MALDI-TOF MS is considered a high-throughput technology, based on the acquisition of unique
molecular signatures that are representative of a wide range of proteins and can clearly distinguish
the differences between two closely related species. Its database contains spectra of microorganisms
that are compared to the mass spectrum of the microorganism to be identified to find a closer match.
Regardless of which system is used, be it the MALDI Biotyper (Bruker Daltonics, France) or the Vitek
MS (bioMerieux, France), each of them requires different preparations and has different databases
and algorithms [16,17].

This method has undoubtedly revolutionized the microbial identification system, reducing the
time and cost of identification. Accuracy and speed in reporting results are crucial for batch release
of pharmaceutical products. It is important to note that the MALDI-TOF MS databases were initially
created using mainly clinically relevant strains for species identification. The application of
technology for the identification of bacterial isolates from other sources, such as soil, industry,
freshwater, etc., required new databases with relevant corresponding species. Due to its rapid
identification method and low cost per isolate, the technology attracted the interest of several
specialist groups who expanded the MALDI-TOF MS databases. Species not detected by MALDI-
TOF MS, but identified by 16S rRNA gene sequences, were added to the database to study microbial
communities from poorly understood locations, making this technology more widely used beyond
clinical laboratories [18]. Costa et al. [1] added 24 Bacillus spp. strains and related genera from the
pharmaceutical industry to the MALDI-TOF MS database, after a careful genotypic characterization
of the strains using 165 rRNA and rpoB gene sequences. Miranda et al. [10] reported for the first time
the isolation of six Sutcliffiella horikoshii strains from an immunobiological pharmaceutical facility that
were not identified by MALDI-TOF MS. After gene sequencing, the MALDI-TOF MS database was
expanded, and the strains were correctly identified as S. horikoshii by MALDI-TOF MS. In 2017, an
aerobic, spore-forming Gram-positive rod isolated from an air monitoring sample from an
immunobiological production unit was not identified by MALDI-TOF MS. After physiological and
genotypic characterization and biochemical tests, the Bacillus lumeideiriae species was described and
the MALDI-TOF database was expanded with the spectra profiles of the proposed new species [8].

It is possible to increase the identification capacity of MALDI-TOF by including the spectral
profiles in the database [19]. For this purpose, the bacterial isolate must first be identified by analysis
of the 16S ribosomal gene sequence at the genus level, since this gene has limitations in differentiating
species. Sequences of genes encoding highly conserved proteins, called housekeeping genes, can be
used in conjunction with 165 rRNA gene sequences to try to reach the species level [1,19].

It is important to mention that there is no public database of environmental bacterial isolates for
comparing spectra obtained with MALDI-TOF MS, which makes bacterial identification and the
exchange of information between researchers and institutions difficult. For highly pathogenic
bacteria (biosafety level 3), such as Bacillus anthracis, Yersinia pestis, Burkholderia mallei, Burkholderia
pseudomallei and Francisella tularensis, as well as their related species, the Robert Koch German
Institute has developed a database with MALDI-TOF MS mass spectra, which serves as a reference
for diagnosing these bacteria using microbial identification software. The spectra are available in a
zip file containing the original mass spectra in the data format used by Bruker Daltonics [20].

4. Analysis of the 16S Ribosomal Gene Sequences

Sequencing of the 16S ribosomal gene is widely used in bacterial identification [21]. The 16S
rRNA gene is approximately 1500 base pairs (bp) in size and is located in the small subunit (30S) of
the prokaryotic ribosome [22] (Figure 1). Some species may have shorter or longer sequences. The
16S rRNA gene does not encode proteins, but in addition to having a structural role, it is crucial for
protein synthesis. Although rare, horizontal transfer of the 16S rRNA gene can also occur, but only
at the intragenus or intraspecific level [23,24].

The 165 rRNA gene is considered an important molecular marker, present in all members of
Bacteria and Archaea, highly conserved in bacteria and evolving slowly, it is the target widely used
for phylogenetic studies of bacteria. In this sense, its sequences are well used for taxonomic
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classification at the genus level. The presence of multiple copies in the bacterial genome with
sequence differences and low polymorphism are some of the limitations that must be considered for
classification at the species level [25].

The 16S rRNA gene contains highly conserved, variable and hypervariable regions that are
unevenly distributed, being nine hypervariable regions, designated V1 to V9, that vary in length,
position and taxonomic discrimination. Such variation is conducive to infer phylogenetic
relationships between phyla, while also being used in comparison of interests [23,24,26].

Although considered the gold standard for bacterial identification, amplification of the 165
rRNA gene is still costly and impractical in the routine of some laboratories [27]. For more accurate
molecular identification, complete sequencing of the gene (~1500 bp) is required [25]. The 16S rRNA
gene sequences should be compared with available databases such as Basic Local Alignment Search
Tool (Blast, https://blast.ncbi.nlm.nih.gov/Blast.cgi) or EzBioCloud (https://www.ezbiocloud.net/). If
a new bacterial species is suspected, it is important to limit the comparison of similarities to the
sequences of type strains [28].

Large Subunit (LSU)

Small subunit (S5U)

165

Figure 1. Structure of the prokaryotic ribosome. Image adapted from NIAID Visual & Medical Arts, 2024..

Previously, to be considered from the same species, bacterial isolates should share a similarity
in the 165 rRNA gene of more than 97%, based on a relationship with 70% DDH, which is considered
the gold standard method for delimiting bacterial species [30]. According to Stackebrandt & Ebers
(2006), the similarity criterion for the 165 rRNA gene would be greater than 98.7%. Identity values in
the 16S rRNA gene sequence below 95% with the phylogenetically closest species with a validated
name may indicate that the isolate is a representative of a new genus [31].

Although they provide valuable phylogenetic information, 165 ribosomal gene sequences are
not always useful for distinguishing closely related species due to their highly conserved nature.
When several species of the same genus share >98.7% identity in the 16S gene sequence, the
sequencing of other genes, called essential or constitutive, is recommended [8,22].

5. Analysis of the Housekeeping Gene Sequences

Housekeeping genes, also called essential genes, encode enzymes that are essential for
maintaining cellular function. Examples include the recA gene, which encodes a recombinase protein;
rpoB, which encodes the beta subunit of RNA polymerase; and gyrB, which encodes the B subunit of
the DNA gyrase protein. Housekeeping genes are highly conserved and accumulate mutations more
rapidly than rRNA genes, making them useful for differentiating bacteria at the species level, since
the 165 rRNA gene shows high genetic homology within certain genera and may not be useful alone
for distinguishing closely related species [21,24,31-33].

The analysis of the sequences of a certain number of housekeeping genes, called multilocus
sequence analysis (MLSA), incorporates similarity values to differentiate species, and is considered a
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phylogenetic tool to support and clarify the delimitation of bacterial species with a higher resolution
than studies based on 165 rRNA genes. The gene sequences are used to construct a phylogenetic tree
to infer phylogenies [34,35]. MLSA is based on multilocus sequence typing (MLST), a method for
typing pathogenic bacteria for epidemiological and population genetic purposes, first described by
Maiden et al, 1998 [35,36].

The choice of genes for each taxon analyzed is critical to the reliability of the analysis.
Housekeeping genes should be considered because they are more stable in relation to rapid genetic
change and are present in all species of a genus. It is also recommended that they be single-copy
genes, distributed throughout the entire genome. The ad hoc Committee recommends the use of at
least five housekeeping genes for the re-evaluation of the species definition in bacteriology, although
most studies use seven genes. Some species require the use of more genes for better differentiation
[35,37,38]. Before amplifying and sequencing of the selected housekeeping genes of interest for
comparison and construction of a phylogenetic tree, it is very important to consult the different
sequence databases, such as National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/), European Molecular Biology Laboratory’s - European
Bioinformatics Institute (EMBL-EBI, https://www.ebi.ac.uk/), DNA Data Bank of Japan (DDB]J,
https://www.ddbj.nig.acjp/index-e.html),  Bacterial = Diversity = Metadatabase = (BacDive,
https://bacdive.dsmz.de/), Joint Genome Institute (JGI, https://genome.jgi.doe.gov/portal/), among
others. If the sequences of the housekeeping genes of interest or the complete genome of the closest
type strain are not available, an alternative would be to purchase the type strain from a collection,
such as the American Type Culture Collection (ATCC) or the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ), for example, and perform the sequencing yourself.
Some sequences may be in the possession of researchers who have not yet published their data.
Contacting these researchers may also be an alternative.

Gene sequencing for MLSA involves time-consuming and laborious steps. With the
advancement of high-throughput sequencing and bioinformatics tools in recent years, MLSA can be
performed in silico due to the substantial increase of whole-genome data in public databases, allowing
gene sequences to be extracted directly from genomes [38].

6. Genomic Taxonomy Tools

Improvements in DNA sequencing technologies have resulted in a significant increase in the
amount of genomic data generated, combined with a reduction in the cost of sequencing [34]. Whole
genome sequencing (WGS) data and the development of bioinformatics tools have allowed the
establishment of taxonomic schemes based on evolutionary information contained in genome
sequences, such as digital DNA-DNA hybridization (dDDH), Average Amino Acid Identity (AAI),
supertrees, and others [39]. Such taxonomic schemes, which are described in more detailed below,
can be used not only to describe a new bacterial species, but also to confirm the identification of the
bacterial isolate, especially when it comes to environmental isolates belonging to the genus Bacillus
and/or related genera, which have a large number of described species, and genotypic
characterization by sequencing the 165 rRNA and housekeeping genes is not always possible.

Genomic taxonomy is defined based on an integrated comparative genomics approach with the
goal of extracting taxonomic information from genomes. The main goal of genomic taxonomy is to
extract taxonomic information from genomes that can be used to provide a solid framework for
identifying and classifying prokaryotic species and even populations. These new tools mentioned
above have led to new understanding of genetic relationships that the 16S rRNA gene can only
approximate [6,39,40].

DDH indirectly measures the degree of genetic similarity between two genomes, one of which
is the genome of the type strain, and has been the “gold standard” for bacterial species delimitation
[41]. In brief, the heated DNA strands are dissociated and immediately reassociated, and
hybridization occurs. The degree of relationship between the two genomes is verified, and the two
genomes are considered to belong to the same species if the DDH value is greater than 70% [34,38].


https://doi.org/10.20944/preprints202503.2316.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2025 d0i:10.20944/preprints202503.2316.v1

6 of 13

However, this value is not sufficient to distinguish, for example, the species Rickettsia rickettsii,
Rickettsia conorii, Rickettsia sibirica and Rickettsia montanensis, in other words, the DDH limit used is
not applicable to all genera [31]. Few laboratories in the world perform this methodology because it
is a laborious, slow, and expensive technique that requires specialized personnel. Another
disadvantage is that the results may vary depending on the protocol used, which can lead to
experimental errors and the comparison of results obtained by different methodologies is not
recommended [30,31,38].

With the advent of high-throughput DNA sequencing and the various genomes deposited in
public repositories, dDDH was then proposed [34,42], and some authors suggested replacing DDH
as the “gold standard” in prokaryotic taxonomy by pairwise genomic sequence-derived similarity
[42,43]. The analysis of dDDH consists of the local alignment between two genomes and intergenomic
correspondences are generated, which are later used to calculate the distance matrix, whose values
are analogous to DDH (> 70%) [38]. The Genome-to-Genome Distance Calculator (GGDC) is one of
the most popular online tools for calculating in silico DDH values, provided free of charge by the
German bacterial collection DSMZ. The GGDC allows the comparison of bacterial genomes to
determine their similarity on the same scale as the DDH, aiding in the identification and classification
of bacterial species. Moreover, the GGDC reports the difference in G+C content, which can be used
for species delineation [43,44].

Over the years, there has been an increasing use of the Average Nucleotide Identity (ANI) tool
for the classification and identification of bacterial species [45,46], which shows a strong correlation
with the DDH [47]. ANI was proposed in 2005 and consisted in the local alignment between two
genomes, calculating the average identity of the nucleotides of the shared open reading frames
(ORFs) instead of the whole genome [43]. In 2007, the comparison between two whole genomes was
implemented, allowing ANI results to be directly compared with the DDH [48]. Two prokaryotic
genomes can be considered to belong to the same species if they share an ANI value > 96% [31].
Furthermore, ANI shows a strong correlation with 165 rRNA gene sequence similarity [49]. Although
a robust tool for bacterial species delimitation, ANI has been shown to have low resolution at higher
taxonomic levels. Therefore, other metrics should be used, such as AAI [50,51], another widely used
tool for bacterial species classification and identification, which is based on the calculation of
conserved protein-coding genes between a pair of genomes determined by pairwise comparison of
whole genomes using the BLAST algorithm. Briefly, all protein-coding genes in one genome are
searched for in relation to all protein-coding genes in the other genome. The AAI of all conserved
genes between the pair of genomes is then measured from the genetic relatedness between a pair of
genomes and a value of ~95% to 96% was established, with a strong correlation to the similarity of
the 165 rRNA gene sequence [38,39,52]. The AAI has been shown to be a very useful metric for genera
delimitation (>60-65%) [49]. Based on the discontinuous distribution of its AAI values, several studies
have developed boundaries to delimit genera, such as Chryseobacterium [53], Prochlorococcus [54] and
Lactobacillus [55].

Complex phylogenetic relationships between different taxa can be captured by genome-based
phylogenies, or phylogenomics. In 2019, the online platform TYGS (Type Strain Genome Server) was
developed by the German collection DSMZ for the classification and identification of microorganisms
based on their genomes, combining genomic data with robust phylogenetic approaches to provide
accurate and reproducible classification. The Type Strain Genome Server (TYGS) contains a
comprehensive database that is constantly updated and revised to ensure accuracy and reliability,
and is maintained by the Leibniz Institute/DSMZ. This server allows the analysis of dDDH indices,
and the construction of phylogenies based on the 165 rRNA gene and the Genome BLAST Distance
Phylogeny (GBDP) method, using as reference the next closest phylogenetic matches previously
identified by Mash genomic distances and 165 rRNA gene data. In addition, TYGS is integrated with
the database that powers the List of Prokaryotic Names with Standing in Nomenclature (LPSN),
providing information on the most recent updates in nomenclature and taxonomic literature. The
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platform also performs a preliminary species-level classification to assist in the identification of
possible new species [56,57].

Another computational tool that supports the phylogenomic classification of bacteria based on
genomic data is the Genome Taxonomy Database Toolkit (GTDB-Tk), which compares genomes to
the Genome Taxonomy Database (GTDB) taxonomy using a pre-calculated phylogenomic tree and
metrics such as ANI and Relative Evolutionary Divergence (RED). GTDB-Tk allows the assignment
of taxa to new genomes, facilitating the identification of new species and the reclassification of
organisms within a standardized phylogenomic taxonomy. GTDB-Tk is an independent tool linked
to GTDB that inserts the genome into a previously calculated multigene-based phylogenies (MBP)
phylogenomic tree, calculates RED indices and performs species assignment based on ANI, when
viable. This process allows the identification of new taxa, both at the species level and in broader
taxonomic categories. The GTDB and backbone trees are updated regularly, including a major annual
revision [56,58].

Another approach worth mentioning is Ribosomal Multilocus Sequence Typing (rMLST,
https://pubmlst.org/species-id), which was proposed to overcome the limitations of current methods
for bacterial typing and phylogenetic reconstruction by using 53 ribosomal genes (rps genes) that are
present in all bacteria and distributed along bacterial chromosomes. They also encode ribosomal
proteins that are highly conserved. This technique provides greater phylogenetic resolution than
traditional methods, such as using the 165 rRNA gene, and allows bacteria to be accurately classified
at multiple taxonomic levels, including domain, phylum, class, order, family, genus, and species. The
rMLST database is an extensible, web-accessible database containing complete genomic data from
thousands of bacterial isolates, enabling rapid and computationally efficient identification of the
phylogenetic position of any bacterial sequence at multiple taxonomic levels [59].

7. Conclusions and Future Directions

Many laboratories in the pharmaceutical industry use MALDI-TOF MS for bacterial
identification because of its rapid results and low cost, which are essential for batch release of
pharmaceutical products. Here, we suggest some methods for the identification of environmental
bacteria, from MALDI-TOF MS to genomic taxonomy analysis, and the advantages and
disadvantages of each method (Figure 2). Initially, MALDI-TOF MS databases focused on clinically
relevant strains, but their application has expanded to environmental and industrial samples,
requiring new references. Species not detectable by MALDI-TOF MS have been included after
identification by 16S rRNA and housekeeping genes sequencing. Identification can be improved by
adding spectral profiles to the database.

The most commonly used method to assess the phylogenetic position of a prokaryote is the
comparison of the 16S rRNA gene sequence. Sequencing of the 165 rRNA gene is widely used for
bacterial identification due to its universal presence in Bacteria and Archaea, high conservation and
low rate of evolution, being an essential marker for phylogenetic studies. Nucleotide variations
within multiple rRNA operons in a single genome and the possibility of 165 rRNA genes being
derived from horizontal gene transfer can distort relationships between taxa in phylogenetic trees.
Despite its relevance, the 165 rRNA gene does not always distinguish closely related species due to
its high conservation; its phylogeny is robust at the genus level and above, making it necessary to
complement the analysis with the sequencing of housekeeping genes, which have been used in MLSA
as an alternative for more accurate identification of microorganisms.

Advances in DNA sequencing technologies have increased the availability of genomic data and
reduced their costs, allowing the creation of taxonomic schemes based on in silico analysis of
genomes. Genomic taxonomy uses tools such as dDDH, ANI and AAI to identify and classify
bacterial species. The traditional DDH method, previously considered the gold standard for species
delimitation, has been replaced by computational methods, such as the GGDC, which calculates the
genomic similarity between organisms. ANI, which compares the average nucleotide identity
between two genomes is widely used to define species with values 296%, while AAI, based on the
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identity of conserved coding proteins, helps to delimit genera (>60-65%). In addition, phylogenomic
tools such as TYGS and GTDB-Tk provide robust approaches for microbial classification using
continuously updated databases and phylogenetic analyses based on multiple genes. In addition to
all the bioinformatic tools described above for the identification of the bacterial isolate, we also
suggest the rMLST approach, which is a web-accessible database with support for an online database
hosted by PubMLST. The approach is based on the analysis of 53 highly conserved ribosomal genes
for the identification and classification of a wide range of bacterial species, and can be applied to
poorly characterized or undescribed species. The rMLST database is compatible with whole-genome
sequencing data or metagenomes, facilitating the analysis of complex microbial communities.

Approaches that combine multiple analyses and metrics are strongly encouraged, as they
provide greater accuracy in bacterial identification and overcome the limitations of 165 rRNA gene
sequencing in distinguishing closely related species.
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Figure 2. Steps of identification of environmental bacterial isolates, from MALDI-TOF MS to genomic taxonomy

analyses. * According to Stackebrandt, Ebbers (2006).
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The following abbreviations are used in this manuscript:
AAI Average Amino Acid Identity
ANI Average Nucleotide Identity
ATCC American Type Culture Collection
BacDive  Bacterial Diversity Metadatabase
BLAST Basic Local Alignment Search tool
bp Base pairs
DDBJ DNA Data Bank of Japan
dDDH digital DNA-DNA hybridization
DDH Hibridization DNA-DNA

DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen

EMBL-EBI European Molecular Biology Laboratory — European Bioinformatics Institute
G+C Guanine and cytosine

GBDP Genome BLAST Distance Phylogeny

GGDC Genome-to-Genome Distance Calculator

GMPs Good manufacturing practices

GTDB Genome Taxonomy Database
GTDB-Tk Genome Taxonomy Database Toolkit

JGI Joint Genome Institute

LPSN List of Prokatiotic Names with Standing in Nomenclature

MALDI- Matrix-Assisted Laser Desorption Ionization-Time of Flight/Mass Spectrometry
TOF MS

MBP multigene-based phylogenies

MLSA multilocus sequence analysis

MLST multilocus sequence typing

NCBI National Center for Biotechnology Information

ORFs open reading frames

RED Relative Evolutionary Divergence

rMLST Ribosomal Multilocus Sequence Typing
rRNA Ribosomal RNA

TYGS Type Strain Genome Server

WGS Whole-genome sequencing
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