
Advances in nucleotide-sequencing tech-
nology have provided unparalleled access 
to the enormous genetic diversity that has 
accumulated in the bacterial domain during 
3.5–4 billion years of evolution1. Numerous 
sets of whole-genome sequencing (WGS) 
data for bacterial isolates (BOX 1) are avail-
able2, and metagenomic studies using these 
technologies continue to reveal further, 
seemingly boundless, diversity in bacterial 
communities3. Faced with this plethora of 
information, microbiologists must develop 
structured means of describing this diversity 
and of linking phenotype and genotype, 
thereby facilitating an improved understand-
ing of the microbiological world. Given that 
we have precise information on the function 
of only a very small proportion of bacterial 
genes, and no knowledge at all about most, 
this is a formidable, if extremely exciting, 
challenge.

Here, we focus primarily on pathogenic 
bacteria, although the concepts discussed 
are applicable more widely to all bacteria 
and archaea. Bacterial pathogens played a 
crucial part in the development of experi-
mental microbiology and remain the most 
intensively studied prokaryotes more than 
100 years later4. Pathogens have emerged 
across the diversity of the bacterial — but, 
interestingly, not the archaeal — domain on 
many occasions and are both polyphyletic 
and highly diverse. Thus, although pathogens 
represent only a tiny subset of the bacterial 
world, the challenges faced by the clinical 
microbiology laboratory are representative of 
those faced by microbiology as a whole.

Taxonomic and functional analyses are 
based on the observations that diversity 
among bacteria is not continuous and that 
distinct, stable types with particular prop-
erties exist5. These founding principles of 
microbiology6 have been upheld by much 
subsequent research, but the study of such 
clusters remains largely descriptive, and the 
evolutionary mechanisms that led to cluster 
emergence and persistence remain incom-
pletely understood7,8. Structuring is also evi-
dent within bacterial genomes, as diversity 
is unevenly distributed among genes and 
genomic regions9. Further, many bacte-
rial genomes are flexible, containing both 
‘core’ and ‘accessory’ components10 (BOX 1). 
Sequence variation in the core genome 
represents an important starting point if dif-
ferent organisms are to be compared, but all 
types of variation, including that in genes, 
intergenic regions and episomes, must be 
catalogued effectively to make comprehen-
sive associations between phenotype and 
genotype.

Pre-WGS cataloguing of diversity
A major advance in defining bacterial diver-
sity was the proposal, by the late Carl Woese 
and colleagues, of a universal and ‘natural’ 
— that is, genealogical — classification system  
based on small-subunit 16S rRNA gene 
sequences11. The variation in these core 
genes, which are present in all bacteria, has 
been extensively exploited for the investiga-
tion of taxonomic relationships12, includ-
ing defining and identifying species13,14, 
and forms the basis of many metagenomic 

community studies15. For these applica-
tions, 16S rRNA gene sequences provide 
an inordinate quantity of information in 
relation to their small size, and they were 
seminal in establishing that ‘prokaryotes’ 
are not a monophyletic group, but contain 
two of the three domains of life: Bacteria 
and Archaea12. Despite these successes, 
16S rRNA sequences provide only limited 
resolution among closely related bacteria: 
many bacterial species exhibit identical 
16S rRNA sequences among diverse isolates, 
and even species groups within genera are 
often poorly resolved, if at all.

The need for higher-resolution character-
ization of isolates has led to the development 
of a wide range of strain-typing methods16, 
including multilocus sequence typing 
(MLST)17, which has become the method of 
choice for typing many organisms18. MLST 
was designed to accommodate the conflict-
ing signals of vertical and horizontal genetic 
transfer (BOX 1) that are present in bacterial 
populations19 by examining the genome at 
multiple ‘housekeeping’ gene loci17,20. This 
concept had been used previously by multi
locus enzyme electrophoresis (MLEE)21, 
which examines metabolic enzyme variation, 
but the indexing of gene sequence variation 
by MLST dramatically improved resolution, 
reproducibility and portability. The develop-
ment of curated online MLST reference data 
sets (such as those found in the PubMLST 
database collection) provided both portable 
nomenclature schemes and the possibility of 
analysing the sequences to infer evolutionary 
relationships17,18.

Like MLEE, MLST uses alleles as the 
unit of comparison, rather than nucleotide 
sequences. In allele-based comparisons 
among isolates, each allelic change is 
counted as a single genetic event, regard-
less of the number of nucleotide poly
morphisms involved. This provides a simple 
and effective correction for the fact that in 
many bacteria, common horizontal genetic 
transfer events account for many more poly-
morphisms among specimens than rarer 
point mutations22. The MLST approach 
retains information at all loci and avoids 
the need to categorize which changes are 
recent point mutations and which are due 
to recombination. As MLST schemes record 
the sequences of allelic variants, MLST data 
can also be used for sequence-based analyses 
when this is appropriate18,20,23.

In most MLST schemes, seven ‘MLST 
loci’ are indexed, for which each unique 
sequence for each locus is assigned an 
arbitrary and unique allele number. 
The designations for each of the loci are 
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incorporated into an allelic profile (for 
example, 2‑3‑4‑3‑8‑4‑6), or a sequence type 
(ST), which is also assigned a numerical 
designation (for example, ST11). The ST 
and allelic designations are related to their 
respective allelic profiles and sequences in 
the MLST databases20, and each ST thus 
summarizes thousands of base pairs of 
information. In those bacteria that were 
most extensively examined by MLST, many 
hundreds of alleles at each locus and thou-
sands of STs (see the PubMLST database 
collection) have been identified. Although an 
ST represents only a tiny percentage of the 
‘conserved’ parts of the genome in question, 
the large number of STs in many bacterial 
populations demonstrates the importance of 
an expandable means of summarizing and 
comparing data. The allele and ST designa-
tions can be used in definitions of strains or 
grouped into clonal complexes or lineages 
(BOX 1) as an improved understanding  
of the biological population structure 
emerges18,20.

Unfortunately, the variability of house-
keeping genes among different bacteria 

makes it impossible to develop MLST 
schemes for anything but closely related 
bacteria. Consequently, even within genera 
(for example, in the genus Streptococcus24–27), 
it is necessary to have more than one MLST 
scheme, targeting different loci. In addition,  
MLST does not provide sufficient discrimi-
nation for all typing purposes, including 
resolving differences among variants of 
single-clone, low diversity, asexual patho-
gens such as Bacillus anthracis28 and Yersinia 
pestis29 or isolates of more diverse pathogens 
that belong to the same lineage. For example, 
at least two distinct sublineages within the 
ST11 clonal complex of Neisseria meningi­
tidis are indistinguishable by MLST30. 
Therefore, MLST alone is not always suffi-
cient for applications such as contact tracing 
in epidemics or for characterizing single-
clone pathogens31, and in these cases MLST  
can be supplemented with additional typing  
schemes that index more variable loci, such 
as antigen genes32,33 or variable-number 
tandem repeats (VNTRs)34. To conclude, 
before the advent of WGS data, multiple 
approaches were needed to address the 

range of isolate identification and typing 
requirements, many of which were specific 
for particular organisms.

Post-WGS cataloguing of diversity
The complete closed genome sequence 
of a bacterium, be it from an isolate or a 
sequence reconstructed from a metagenomic 
study, is the ultimate ‘molecular bar-code’  
for typing and taxonomic purposes. Rapid, 
very high-throughput sequencing methods35  
are removing the practical constraints 
that framed the design of previously used 
approaches, as it is now possible to generate 
accurate WGS data for bacterial isolates in 
a single experiment36. Current WGS tech-
nologies do not generate complete genome 
sequences; rather, they produce data that can 
be used to reconstruct most of the genome 
sequence37. The relative performances of 
different sequencing platforms have been 
recently reviewed38,39 and are not further dis-
cussed here, but it is reasonable to suppose 
that the already very high data quality will 
continue to improve and that large numbers 
of very high-quality complete genomes are 
not too distant a prospect.

Although WGS data are easily and effi-
ciently stored as strings of several million  
As, Cs, Gs and Ts, systems are required 
that can summarize and organize the vari-
ation present in large numbers of genome 
sequences within a practical framework. 
Faced with the wealth of data becoming 
available, novel systems for the description 
of genetic diversity can be designed from 
first principles, and a number of criteria 
required to guide this enterprise are evident 
from the successes of rRNA sequencing and 
MLST. Such systems should be:
•	Universal, in that they are applicable to 

all bacteria
•	Natural, reflecting genealogical relation-

ships while retaining the capacity to 
describe closely related organisms with 
distinct properties

•	Understandable, so that the output and 
the process by which the system has 
been arrived at are transparent, easily 
interpreted and reproducible, and where 
possible the system should be backwards 
compatible with previous approaches 

•	 Expandable, to account for the incom-
pleteness of our knowledge of diversity, 
and flexible enough to accommodate 
changes in this knowledge 

•	 Portable, because methods need to be 
easily carried out in any laboratory and 
the data need to be freely exchanged by 
the use of generic methodologies, rea-
gents and bioinformatics pipelines 

Box 1 | A narrative glossary of terms

Much of experimental bacteriology depends on the isolate (a bacterial specimen separated from 
its original environment and cultured in the laboratory). Ideally, all the cells in an isolate culture 
are clones and thus the direct descendants of a single cell and genetically identical; however, 
this might not be the case if mutations occur during the propagation of the isolate or there is 
more than one variant present in the culture. The term meroclone has been used to describe a 
group of organisms that are descended from a single cell but have started to diversify by 
recombination91.
Very similar isolates that share important characteristics can be grouped into strains. Although 

this term is used interchangeably with isolate by some microbiologists, it is useful to reserve it for 	
a group of very similar bacteria that share an important set of properties, such as the propensity to 
cause disease. Thus, in public health settings, it is often necessary to define the ‘outbreak strain’ 
and assign isolates to it.
Comparisons of isolates from many different bacteria show that they can be assigned to distinct 

clusters or groups, variously referred to as lineages or clonal complexes, the members of which 
are inferred to share a recent common ancestor. The genetic distances within these clusters are 
appreciably smaller than those between clusters, and clusters can be sufficiently distinct to be 
referred to as subspecies. Bacterial nomenclature at the level of subspecies and above is regulated 
by the Bacteriological Code92, which provides guidelines for the naming of clusters for groupings 
such as species, genus and family for the domains Archaea and Bacteria, the highest levels of 
taxonomy. However, there remains no generally agreed way of defining these groups across the 
whole domain, and groups are not necessarily equivalent.
Bacterial isolates have genomes that comprise a core genome (genes present in all members 	

of a given population subset), often with an accessory genome (genes that are variably present 	
in isolates from that population). All of the genes available to the population represent the 
pan-genome10. Genome evolution proceeds by a combination of horizontal (or lateral) and 
vertical genetic transfer, the balance of which varies widely among bacteria22. Vertical transfer 	
is the passing of genetic material by descent, whereas horizontal transfer (sometimes called 
localized sex) is the movement of genetic material among bacteria that do not necessarily share 
a mother cell93. This occurs by transformation (the uptake of DNA by a cell), conjugation (transfer 
facilitated by conjugative elements) and phage-mediated transduction. Transferred DNA can 
comprise large multigene fragments, distinct genes or genetic elements, or fragments of 	
genes, which can be incorporated into genes that are already in the chromosome by means of 
homologous recombination, yielding mosaic genes, different parts of which have different 
evolutionary histories94.
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•	Technology independent, so that the data 
used are independent of the means of 
their collection (this means that schemes 
adopted now need to retain their validity 
as data improve) 

•	Readily available to the entire community 
•	 Scalable, so that methods are sufficiently 

fast and inexpensive to be useable in real 
time for large or small numbers of isolates 
(this scalability is especially important for 
clinical applications and large-scale bac-
terial population analyses)

•	Able to accommodate a wide range of 
variation so that they can encompass 
both close and distant genealogical 
relationships

•	 Broadly accepted by those who use them 
and open to contributions from members 
of the community.

 
These apparently straightforward crite-

ria are yet to be met by a broadly adopted 
approach, and the successes and failures of 
currently implemented approaches to cata-
loguing bacterial diversity can be measured 
against them.

A variety of means have been used to 
identify WGS variation among bacterial 
specimens. A popular method has been 
to construct phylogenies on the basis of 
SNPs (single-nucleotide differences among 
samples) that have been identified either 
by the mapping of short-read sequence 
data to a reference genome, or by aligning 
de novo-assembled sequences to a reference 
genome37,40. This approach has been used 
successfully to investigate the epidemiology 
and evolution of a number of single-clone 
pathogens or members of the same  
lineage41–52, but it is limited by its require-
ment for a reference sequence or whole-
genome alignment40. The analysis of diverse 
or highly recombining organisms in this 
way will prove challenging because the 
number of total polymorphisms increases 
as the number of polymorphisms conform-
ing to a clonal model of descent decreases 
(BOX 1). Alternatively, methods based on 
sequence similarity — for example, the 
use of ‘coloured’ de Bruijn graphs to detect 
genetic variation — eliminate the need for a 
reference genome or alignment53; however, 
such approaches are yet to be widely used.

Arguably the most versatile means 
of examining sequence variation among 
sets of WGS data, and the most natural to 
microbiologists, is the gene‑by‑gene (or 
‘MLST-like’) approach to de novo-assembled 
genomes, which can be applied to diverse 
specimens without the need for high-quality 
reference genomes54–56. Most bacterial 

genomes are dominated by single-copy 
functional genes, the majority of which are 
protein coding57, whereas pseudogenes, 
paralogues and intergenic regions represent 
only a small percentage of the genome9. 
Functional protein-coding genes have 
numerous advantages as a basis for isolate 
characterization, as illustrated by the success 
of MLST, and gene-based typing methods 
are both easily understood and compatible 
with previous schemes. Although chromo-
somal protein-coding genes are a useful unit 
of analysis, other genomic regions such as 
pseudogenes and intergenic regions can also 
be considered as typing loci and indexed in 
the same way. The basis of the gene‑by-gene 
approach is a de novo assembly followed by 
annotation, and various assembly algorithms 
are available for this process. The continuing 
improvements in sequencing and assembly 
technologies58, in combination with the 
efforts of initiatives such as the Genomics 
Standards Consortium59, mean that de novo 
assemblies which contain most, if not all, of 
the genome of a given organism are likely to 
become the norm in the very near future60.

An important consideration in the design 
of typing schemes is the level of resolution 
required among specimens. This, in turn, 
depends on the particular question being 
addressed, as some questions require more 
discrimination among specimens than oth-
ers. To use the clinical setting as an example: 
very high resolution is necessary for the 
detection of outbreaks and the investigation 
of within-patient variation43; lower resolu-
tion is required to determine the mem-
bership of a particular clonal complex or 
lineage61; and even lower resolution is  
sufficient for determining the species  
causing an infection37,62,63. The gene‑by‑gene 
approach is inherently hierarchical and  
scalable, as fewer genes can be used for 
lower-resolution typing, whereas higher  
levels of resolution can be attained by 
increasing the number of genes included 
in the analysis. However, to establish such 
a system, it is necessary to be able to store, 
organize and access genome sequence 
data, and for this enterprise, databases are 
essential.

Gene‑by‑gene typing infrastructure
The need for effective data repositories is 
well recognized, as is evident from the inter-
est generated by initiatives such as the Global 
Microbial Identifier63–65, and the power of 
such infrastructure is illustrated by the suc-
cess of the 16S rRNA sequence and MLST 
databases20,62. For example, there are many 
MLST databases available on a number 

of websites (see PubMLST, the MLST 
homepage, the MLST databases at the ERI, 
UCC (Environmental Research Institute, 
University College Cork, Ireland) and the 
Institut Pasteur MLST databases), and these 
databases enable data generated in different 
laboratories to be efficiently compared. The 
first MLST database software to be devel-
oped66–68 stored only isolate information, 
and allele and ST definitions. Newer plat-
forms such as the Bacterial Isolate Genome 
Sequence Database (BIGSdb)69 extend the 
MLST, or gene‑by‑gene, approach to WGS 
data. BIGSdb encompasses all the function-
ality of the software formerly used for the 
MLST databases hosted on PubMLST67,70.  
It is open source and runs on the Linux 
operating system using standard PC hard-
ware and, to our knowledge, is currently the 
only internet server platform to offer the 
gene‑by‑gene approach to genome analysis.

BIGSdb links any type of contiguous 
sequence data, from single genes to com-
plete closed genomes, with provenance and 
phenotype data (metadata) for the isolates 
from which the sequences were derived; 
it also stores allele and locus definitions. 
There is no inherent limit on the number 
of isolate, allele or locus records, and loci 
can be grouped into an unlimited number 
of schemes (groups of loci that are analysed 
together, such as the MLST loci). As all this 
information is text based, very large data sets 
can be stored on modest computer equip-
ment. BIGSdb has three main components: 
an isolate provenance and genome database, 
a sequence definition database, and typing 
and analysis schemes (FIG. 1). The isolate data-
base stores assembled contiguous sequences 
(contigs) for each isolate, along with the des-
ignations of each locus that have been defined 
in the database for that isolate. The sequence 
definition database contains all known alleles 
for each locus that has been defined, and 
these alleles are usually identified by integers. 
As new variants are identified, this expands 
to index the diversity of new alleles for both 
known loci and newly identified genes. 
Although loci are usually genes (especially 
protein-coding genes), any sequence string, 
nucleotide or peptide-coding region can be 
defined as a locus, so that intergenic regions, 
for example, can be included in this approach.

The sequence data stored in BIGSdb can 
be generated by any means and are uploaded 
as contigs. Sequence quality is controlled 
at the assembly stage before incorporation 
into the database, but not in the database 
itself, although experiment tags can be 
used to indicate the nature and type of the 
data included. Different types of data can 
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be stored side-by-side in the sequence bin 
and can then be retrieved and analysed as 
required. Data can be uploaded from public 
archives, such as GenBank or the Integrated 
Microbial Genomes (IMG) database71, and 
the accession numbers for these repositories 
provide links between these databases and 
the BIGSdb record (FIG. 1).

When sequence data are deposited 
in BIGSdb, they are scanned against the 
definitions databases using an appropri-
ate algorithm (currently BLAST72, but 
other algorithms could be used). When a 
known allele is identified, this is recorded 
as a designation for that locus in the isolate 
record, and the position of the allele in the 
contig is marked (tagged) (FIG. 1). This pro-
cess is rapid, and any new alleles identified 
can be assigned in the definition database; 
genomic data are periodically rescanned in 
an iterative process, resulting in an expand-
ing and increasingly comprehensive cata-
logue of genomic diversity. Thus, as well as 
linking sequence data to phenotype, BIGSdb 
is a population-based annotation tool that 
enables the identification of particular genes 
and allelic variants within WGS data, main-
taining a record of the known variation of 
that gene across the samples stored in the 
database. The assignment of alleles to loci 
can be defined using sequence similarity 
criteria, and this definition is stored in the 
locus record.

The grouping of defined loci into 
schemes is particularly useful for typing and 
taxonomy applications but has many other 
possible uses, including functional annota-
tion. Combinations of alleles within schemes 
can be linked with other data — for example, 
to associate the sequences of genes with 
notable phenotypes such as antimicrobial 
resistance or susceptibility54. These schemes 
are not limited to given groups of organ-
isms, but can be applied to any isolate in the 
database, which is particularly useful for 
the annotation of accessory genes that might 
be widely distributed in diverse organisms, 
or core genes that are shared among them. 
When a scheme has been defined, it can 
be readily applied to other isolates in the 
database.

The Genome Comparator module of 
BIGSdb facilitates gene-based comparative 
genomics by examining groups of shared 
genes in any number of isolates across any 
number of genes. For example, it can use an 
annotated reference genome as the source 
of comparison sequences to BLAST against 
other genomes in the database. This gen-
erates whole-genome profiles that can be 
analysed by standard distance methods such 

Figure 1 | Schematic illustration of the gene‑by‑gene approach to the analysis of genome 
sequences using the Bacterial Isolate Genome Sequence Database platform.  The gene‑by‑gene 
approach can be used to integrate whole-genome sequencing (WGS) data with isolate data, facilitat-
ing easy storage and retrieval for downstream analyses. WGS data can be obtained in several ways: 
DNA can be isolated from a bacterial isolate or community sample and sequenced on an appropriate 
platform, short-read data can be obtained from the Sequence Read Archive (SRA), and assembled 
genomes can be downloaded from public databases (for example, GenBank). In the cases of sequenc-
ing and SRA data, short-read data are assembled with an appropriate algorithm, directed by the 
sequencing platform used. Assembled contigs are uploaded to a Bacterial Isolate Genome Sequence 
Database (BIGSdb), and they can then be compared against either sets of reference genes or a refer-
ence genome using algorithms such as BLAST. Reference gene sets can be tailored to meet particular 
requirements and thus range from collections of loci that are useful for epidemiological investigations 
to subsets of genes with functional relevance, for example in a metabolic pathway. For comparisons 
based on both reference gene sets and reference genomes, the nucleotide sequences remain acces-
sible, but loci are assigned allele designations to generate an allelic profile as for multilocus sequence 
typing (MLST). The Genome Comparator module in BIGSdb can be used to produce a distance matrix 
based on allelic profiles, and this matrix can in turn be used to visualize relationships between isolates 
using an appropriate algorithm, such as NeighbourNet in SplitsTree. Alternatively, downstream  
analyses of the aligned sequence data can be carried out by exporting sequence data to external 
packages. In addition to a distance matrix and sequence alignments, the Genome Comparator outputs 
also include a table showing which loci are identical and which are different among the isolates  
examined. rMLST, ribosomal MLST.
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as NeighbourNet73 implemented within the 
SplitsTree package74, simultaneously provid-
ing lists of loci that are identical, variable, 
missing or truncated (incomplete genes 
located at the ends of contigs) among data 
sets. BIGSdb allows queries through web-
based interfaces, making annotated genome 
content accessible to external databases and 
analysis software as well as to users querying 
the data directly (FIG. 1).

Sequence data and nomenclature
With a tool such as BIGSdb, the 
gene‑by‑gene approach can be used to 
catalogue genomic sequence variation and 
to map this onto existing or novel nomen-
clature schemes by associating particular 
alleles or combinations of alleles with names 
or designations. Nomenclature schemes 
are important means of communication 
which have to be agreed on among those 
who use them. They should be stable and 
preferably backwards compatible; however, 
they do require occasional modification as 
new insights are obtained, because stability 
should not be allowed to override accuracy 
in the description of biological diversity. By 
contrast, if determined correctly, sequence 
data and data summaries such as STs are 
absolute and require modification only to 
correct errors. The relationship between 
sequence data and nomenclature schemes 
therefore has to be transparent, and these 
two things should not be confused (FIG. 2).

Different levels of sequence information 
can be associated with different taxonomic 
levels. Analysis of a single locus, for exam-
ple, is often sufficient to distinguish many 
groups (phylum, class, order, family or 
genus), whereas determining speciation and 
subspeciation requires higher resolution, 
which can be attained by increasing the 
number of loci analysed. Researchers can 
apply a set of MLST approaches, each using 
different numbers of loci and each suitable 
for addressing different levels of isolate dis-
crimination (FIG. 2). The highest level of res-
olution using a gene‑by‑gene approach can 
be termed whole-genome MLST (wgMLST), 
in which all the loci of a given isolate are 
compared to equivalent loci in other iso-
lates. The wgMLST approach is applicable to 
single-clone pathogens with closed genomes 
or to very closely related variants of more 
diverse organisms. This analysis can involve 
the entire genome if loci corresponding to 
intergenic regions are also defined. Few 
bacteria share all loci, so comparisons of 
the core genome of a given group (core-
genome MLST (cgMLST)) provides high-
resolution data across a group of related but 

not identical isolates. Other subsets of loci 
might have particular applications, such as 
conventional seven-locus MLST. It has been 
found that a scheme based on the 53 ribo
somal protein loci present in most bacteria 
— ribosomal MLST (rMLST) — is both 
highly flexible and informative75.

rMLST for taxonomy and typing
For the purposes of bacterial typing and 
taxonomy, the ribosomal protein subunit 
(rps) genes have the advantages of being uni-
versally present but differentially variable76; 
indeed, although the variability of some rps 
genes has prevented their inclusion in sets of 
core genes77, this variation permits high lev-
els of discrimination among closely related 
isolates30,75. The rps genes have the further 
advantage of being distributed across the 
genome, offering some stability in the face of 
horizontal genetic transfer. An rMLST allelic 
profile, or ribosomal sequence type (rST), 
can accurately summarize the relationships 
between bacterial genomes, providing a 
manageable basis for universal bacterial 
systematics and typing, as exemplified by 

the use of rMLST to define species group-
ings and strain types within the genus 
Neisseria30,75,78.

A database that catalogues variation in 
the 53 rps genes across the bacterial domain 
has been established (rMLST on PubMLST) 
using the BIGSdb platform75. This database 
currently includes more than 30,000 sets of 
assembled WGS data obtained from publicly 
available sources. All of these data can be 
indexed with rMLST, providing the basis 
for an efficient and rapid identification and 
characterization scheme76. The Genome 
Comparator tool on PubMLST can explore 
the rMLST loci within very large collec-
tions of WGS data from diverse bacterial 
isolates to identify clusters of isolates rapidly, 
and these clusters can then be investigated 
at higher resolution with approaches such 
as cgMLST and wgMLST as required30,79 
(FIG. 2). As this database contains WGS data, 
it has applications beyond indexing just the 
rMLST loci, and schemes for any set of genes 
present in the de novo assemblies can be 
established within the database, as illustrated 
below for staphylococci.

Figure 2 | Relating sequence data to nomenclature schemes.  Hierarchical nomenclature schemes 
are artificial constructs that are developed to facilitate communication and are subject to change as 
new information becomes available. Nomenclature schemes are dependent on various factors, includ-
ing sequence relationships, and are ideally genealogically based. The challenge is to map whole-
genome sequencing (WGS) data to nomenclature schemes transparently but flexibly at a range of 
resolutions. The highest discrimination is required for studies of bacterial isolates from one patient or 
from very closely related transmission chains; these isolates can be thought of as having undergone 
microevolution. Such studies will require comparisons of whole genomes using whole-genome multi
locus sequence typing (MLST)30. Progressively lower resolution is required for studies of isolates with 
more distant common ancestors and, therefore, with more genetic differences. These relationships 
are best studied using the core genome common to the set of isolates of interest. Genes encoding 
ribosomal proteins are a particularly useful subset of core genes, and ribosomal MLST75 accommodates 
many levels of genealogical relationships, from clonal complexes and lineages to species78, genera  
and beyond75. In a database such as the Bacterial Isolate Genome Sequence Database (BIGSdb),  
multiple gene-by-gene schemes can be implemented alongside other, more conventional sequence-
based schemes69. Particular genotype summaries of genes or collections of genes can be associated 
with particular nomenclature schemes, enabling the database to deliver a plain-language report  
to the user.

P E R S P E C T I V E S

732 | OCTOBER 2013 | VOLUME 11	  www.nature.com/reviews/micro

© 2013 Macmillan Publishers Limited. All rights reserved

http://pubmlst.org/rmlst


Applying gene‑by‑gene analysis
Several members of the genus Staphylococcus 
are human and animal pathogens, and 
methicillin-resistant Staphylococcus aureus 
(MRSA) strains prove particularly prob-
lematic, largely because of their role in 
nosocomial outbreaks80,81. Consequently, 
staphylococci have been subjected to many 
molecular epidemiology studies80, includ-
ing WGS analyses41–46,82. Many areas of the 
biology and pathology of these organisms 
have been investigated, including their evo-
lution (particularly the origins of MRSA) in 
hospitals and communities83,84, the spread 
of clones among animals and humans85, 
the dynamics of colonization and infec-
tion86, and outbreak detection and control87. 
Although WGS is increasingly used in these 
investigations, it is difficult to compare the 
data generated in different studies, as they 
are typically available only as short reads. 
This problem is not confined to staphylo
cocci. Further, the various SNP-based 
approaches used in different studies have not 
been standardized. Here, we illustrate how 
the gene‑by‑gene approach, implemented 
with the BIGSdb platform, can be used for 
combined analyses of data emanating from 
different studies of this important group of 
organisms.

WGS data for 926 staphylococci 
(889 S. aureus isolates and 37 genomes from 
20 other species) were obtained from the 
Sequence Read Archive (SRA), GenBank and 
the IMG database (BOX 2; Supplementary 
information S1–S3 (tables)). For data from 
the SRA, draft genomes were assembled 
de novo, and contigs were uploaded to the 
PubMLST website. Using the BIGSdb web 
interface and SplitsTree, species groups were 
resolved among 52 staphylococci. Nucleotide 
sequence-based analysis of the rMLST loci 
defined groups within the genus and pro-
vided insights into the species assignments 
of two recently described staphylococcal 
isolates, Staphylococcus sp. OJ82 (REF. 88) 
and Staphylococcus sp. AL1 (REF. 89) (FIG. 3a). 
Furthermore, an allele-based rMLST analysis 
of 669 S. aureus isolates identified 229 unique 
rSTs based on 51 rps loci (two paralogous 
loci, rpsN and rpmG, were excluded for the 
purposes of this analysis) and resolved the iso-
lates into lineages that corresponded to previ-
ously described clonal complexes83,90, also 
indicating genealogical relationships among 
the clonal complexes (FIG. 3b).

The detection and control of S. aureus 
outbreaks remains a high priority in health 
care systems41–43. The gene‑by‑gene approach 
described above can rapidly establish very 
high-resolution relationships among isolates, 

as demonstrated by an analysis of isolate data 
from a study that described an MRSA out-
break in a special-care baby unit43. Genome 
Comparator was used to compare all the 
isolates to a reference genome (from isolate 
S. aureus subsp. aureus HO 5096 0412) and 
provided a web-based visualization of the 
relationships among isolates from patients 
and from a health care worker (FIG. 3c); such 
a visualization would be easily and rapidly 
generated and interpreted in a health care 
setting. This analysis demonstrated that iso-
lates from babies, mothers and their partners 
were closely related to each other and to 
those from a health-care worker, suggesting 
that there was an ongoing outbreak. Along 
with other available data, these results could 
have been interpreted in such a way that 
prompted interventions to prevent further 
transmission. Similar results were presented 
in the original report, but the gene-by-gene 
approach is independent of a specialized bio-
informatics pipeline. This approach is appro-
priate for the very high-resolution analysis 
of isolates from a clinical setting, achieving 
a resolution equivalent to that obtained by 
SNP-based approaches.

The analyses presented here are not 
exhaustive; rather, they are a demonstration 
of the potential of the gene‑by‑gene approach 
as implemented in BIGSdb. This approach 
can be extended to any set of isolates and 
any combination of genes using web-based 
tools. BIGSdb can be used to store, organize 
and interpret WGS data from many different 
investigations in a single analysis; however, 
the database is sufficiently compact that 
WGS data from tens of thousands of isolates 
can be stored on a modestly sized personal 
computer for use in settings where Internet 
connectivity is poor or sporadic, or where 
clinically sensitive data need to be stored 

separately. The analyses relied on straight-
forward assumptions and did not require 
processor- or memory-intensive algorithms, 
nor did they involve selective removal of 
data that do not conform to a particular evo-
lutionary model. An additional advantage 
of using such an approach is that Genome 
Comparator automatically provides lists of 
those loci that are identical and those that are 
variable, enabling genetic differences to be 
rapidly identified.

Conclusions and future directions
WGS studies of bacteria are currently in a 
golden age, with many resources and much 
interest being dedicated to the area as a 
whole and especially to WGS applications 
for clinical problems36–38,63. However, when 
this initial excitement has passed, it will 
be necessary to move into a more prosaic 
exploitation phase, which will require the 
construction of sustainable infrastructures 
— sustainable both intellectually (that is, the 
concept of relating WGS data to typing and 
taxonomy) and physically (that is, the use 
of inter-operable data sets that are archived 
in accessible databases). MLST offers mixed 
precedents for this process. On the positive 
side, the engagement of communities of 
scientists working on particular areas has 
enabled the assembly of many high-quality 
data sets, and this ‘bottom up’ approach is 
essential to ensure that appropriate typing 
schemes are developed and maintained by 
those people who need to use them. These 
efforts have largely been ‘amateur’, how-
ever, in the sense that they are not directly 
funded, and most MLST databases rely on 
enthusiastic community members. The 
careful curation of sequences and mainte-
nance of typing schemes are essential ‘public 
goods’ that all researchers in the field wish 

Box 2 | A short guide to other microbial genome databases

Databases are an essential means of sharing the ever increasing volumes of bacterial 
whole-genome sequencing (WGS) and related data. There are advantages to having many 
different systems available, because they each provide different services to different communities, 
but as the number of such databases expands (see, for example, the Molecular Biology Database 
Collection95), the need for database inter-operability increases65. The US National Center for 
Biotechnology Information (NCBI), the European Bioinformatics Institute (EBI) and the DNA 
Databank of Japan (DDBJ) are members of the International Nucleotide Sequence Database 
Collaboration and have provided sequence databases for many years, including microbial genome 
databases with annotation tools (for example, NCBI Genome and EnsemblBacteria). These 
resources also provide the sequence read archives (SRAs; for example, the NCBI SRA database and 
the European Nucleotide Archive (ENA)), which are crucial repositories for WGS data. A number of 
databases have been developed specifically for storing and analysing complete genomes and 
metagenomes, including Integrated Microbial Genomes (IMG), Genomes Online, the Microbial 
Genome Database for Comparative Analysis, the UCSC Microbial Genome Browser, Xbase and 
BacMap. Enterprises more specifically developed for systematics and epidemiological applications 
include the Centre for Genomic Epidemiology, the Pathosystems Resource Integration Center 
(PATRIC) and the planned Global Microbial Identifier (GMI).
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Figure 3 | Ribosomal multilocus sequence typing-based analysis of 
Staphylococcus spp. whole-genome sequence data. These analyses were 
carried out using both the Genome Comparator module within the Bacterial 
Isolate Genome Sequence Database (BIGSdb) platform and data publicly 
available within the PubMLST website. The phylogenetic networks were gen-
erated using the NeighbourNet algorithm in SplitsTree (v4.12.3) . a | Resolution 
of 52 staphylococcal isolates on the basis of nucleotide sequence diversity at 
51 ribosomal multilocus sequence typing (rMLST) loci, permitting the deter-
mination of the species assignment of two recently described isolates, 
Staphylococcus sp. OJ82 and Staphylococcus sp. AL1. Staphylococcus sp. OJ82 
probably corresponds to Stapylococcus equorum, whereas Staphylococcus 
sp. AL1 is related to, but distinct from, S. equorum and Staphylococcus sapro-
phyticus. All species shown are in the genus Staphylococcus, except for 
Macrococcus caseolyticus. b | The diversity of 669 Staphylococcus aureus iso-
lates on the basis of allelic diversity at 51 rMLST loci. The extensive diversity 

of S. aureus is illustrated here; the rMLST clustering is congruent with MLST 
clonal complexes (CCs; indicated) and indicates relationships among the iso-
lates. c | Resolution of multidrug-resistant S. aureus (MRSA) isolates from an 
outbreak in a special-care baby unit41, using a gene‑by‑gene comparison to a 
reference genome (S. aureus subsp. aureus HO 5096 0412). Twenty isolates 
obtained from a health care worker are indicated with the letter H and shown 
in red, whereas patient isolates are indicated with a letter P. Groups of isolates 
from patients who were members of the same family are shown in the same 
colour. Reticulations in the diagrams indicate departures from a strictly tree-
like phylogeny; this can have a number of causes, including homoplasy as  
a result of recombination, mutation or lack of resolution. Such graphs are  
rapidly produced and represent the relationships among sets of genome data; 
these relationships can then be readily used to resolve isolate relationships in 
clinical and other settings. Scale bars represent distances calculated from the 
nucleotide sequence alignment (part a) and number of loci (parts b,c)
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to use, but to which few are willing, or able, 
to contribute.

A number of initiatives are currently 
underway to build such infrastructures, and 
these initiatives will have to balance commu-
nity involvement and sustainability (BOX 2). 
The development of multiple approaches, as 
long as they are open access, inter-operable 
and sustainable, is important at this stage, 
when it is unclear exactly what the most 
effective and broadly acceptable means 
of exploiting WGS data will be. However, 
maintaining databases is challenging in the 
face of contracting resources as this is not a 
high-impact activity, although it is essential. 
The PubMLST model discussed here is one 
approach to these problems; this approach 
attempts to balance centralization (in the 
form of a curated set of reference genes) with 
affordability, open access and community 
involvement. The task of relating WGS data 
to particular nomenclature schemes is of 
sufficient magnitude and complexity that a 
whole community of scientists and others 
will need to engage with the project.

As with all paradigm shifts and ‘disrup-
tive technologies’, the exploitation of WGS 
is simultaneously exciting and confusing, 
and presents great opportunities along with 
major challenges. Ultimately, however, the 
availability of large volumes of WGS data 
promises the development of a new type of 
microbiology research in which population 
and evolutionary approaches are integrated 
with functional and structural studies by the 
organized presentation and interpretation of 
biodiversity data.
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