
Bacterial genome sequencing is now 
20 years old. During this period, the power-
ful combination of genome sequencing and 
bioinformatics-driven analysis of sequence 
data has transformed our understanding of 
how bacteria function, evolve and interact 
with each other, with their hosts, and with 
their surroundings, while also providing 
numerous avenues for translational impact. 
Sequence-based analyses have delivered 
unexpected insights into microbial diversity 
— from strains to super-phyla — and have 
allowed us to explore microbial communi-
ties. Such approaches have also allowed us 
to track the spread of infection and helped 
us devise new drugs and vaccines. We now 
face the imminent transition of genome 
sequencing and bioinformatics into the 
clinic, and the arrival of real-time monitor-
ing of infectious disease outbreaks. The 
process of sequencing has seen remarkable 
innovation, so that sequencing projects that 
used to take years and cost hundreds of 
thousands of dollars can now be completed 
in a few days for less than the price of a meal 
out for two. However, with sequencing no 
longer a bottleneck, it can take much longer 
to analyse than to generate sequence data, 
which brings the problems of big data to 
bacterial genomics.

In this Timeline article, we present a 
brief history of the major events that have 
shaped the sequencing and analysis of 
bacterial genomes in the past two decades 
(FIG. 1). We look back to the 1990s and 
forward to the next decade, and present a 
chronology that encompasses three techno-
logical revolutions: whole-genome shotgun 
sequencing, high-throughput sequencing 
and single-molecule long-read sequencing 
(FIG. 2). Additionally, we highlight scientific 
and cultural milestones for each phase.  
We invite the reader to join us on this  
roller-coaster ride of discovery.

The first revolution
Whole-genome shotgun sequencing. The 
bacterial genome-sequencing revolution was 
initiated in the early 1990s, with the launch 
of consortium-led projects to sequence 
the genomes of model organisms, such as 
Escherichia coli and Bacillus subtilis1,2 (BOX 1). 
However, the ‘big bang’ came in 1995 when 
Craig Venter, Hamilton Smith and their 
associates performed the first shotgun 
sequencing of entire bacterial genomes3 
(FIG. 2). Ironically, the first bacterium to be 
genome-sequenced was a non-pathogenic 
strain of Haemophilus influenzae, which 
Smith happened to have to hand because he 

had used it to obtain the restriction enzyme 
HindIII in the work that won him the Nobel 
Prize in Physiology or Medicine in 1978 
(with Werner Arber and Daniel Nathans). 
The first genome paper largely contained a 
technical description of the method, with 
few references to the organism’s biology3. 
However, it jump-started a race to sequence 
genomes from pathogens, model organisms 
and extremophiles. In pursuit of completed 
genomes, there was an exhortation to “bang 
out every base and close every gap” (REF. 4), 
and there was work enough for multiple 
sequencers, bioinformaticians and annotators 
on both sides of the Atlantic (BOX 2).

Over the years that followed, we caught 
a first glimpse of the inner workings of our 
most fearful microbial adversaries, from the 
cause of the ‘white plague’, Mycobacterium 
tuberculosis5, to the agent of the Black Death, 
Yersinia pestis6. Even for model organisms 
like E. coli K-12 (REF. 7) and B. subtilis8, the 
first genome sequences delivered thousands 
of new genes, and genome sequencing pro-
vided an exciting route to the reconstruction 
of organismal biology for organisms that 
were hard or impossible to study in vitro, 
including pathogens like Treponema palli-
dum9, Mycobacterium leprae10 or Tropheryma 
whipplei11, or extremophiles like Deinococcus 
radiodurans12. For T. whipplei, metabolic 
reconstructions based on this novel genomic 
information even allowed the design of an 
axenic growth medium for the organism, 
which was previously unculturable13.

Comparative genomics. Analyses of diverse 
new bacterial genomes revealed important 
differences in genomic composition and 
organization from the E. coli paradigm. For 
example, the Campylobacter jejuni genome 
was found to contain several dozen hyper-
variable homopolymeric repeats (tandem 
repeats of the same base), concentrated in 
genes that were responsible for the biosyn-
thesis or modification of surface structures14. 
Similarly, the Bacteroides fragilis genome 
was found to house multiple inverted DNA 
repeats that mediated antigenic variation  
in polysaccharides15. The Y. pestis and 
Bordetella pertussis genomes contained 
large-scale genomic rearrangements despite 
having conserved species-specific gene sets6.
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Abstract | Twenty years ago, the publication of the first bacterial genome sequence, 
from Haemophilus influenzae, shook the world of bacteriology. In this Timeline, we 
review the first two decades of bacterial genome sequencing, which have been 
marked by three revolutions: whole-genome shotgun sequencing, high-throughput 
sequencing and single-molecule long-read sequencing. We summarize the social 
history of sequencing and its impact on our understanding of the biology, diversity 
and evolution of bacteria, while also highlighting spin-offs and translational impact 
in the clinic. We look forward to a ‘sequencing singularity’, where sequencing 
becomes the method of choice for as‑yet unthinkable applications in bacteriology 
and beyond.
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First human mitochondrial 
genome sequence146

Mycoplasma becomes first 
bacterial genus that has completely 
sequenced genomes from two 
different species (M. genitalium 
and M. pneumoniae)16

First genome sequence 
from M. tuberculosis5

Genome sequence from 
R. prowazekii reveals 
reductive evolution25

Meningococcal genome sequence 
kick-starts reverse vaccinology42

Genome sequencing of multiple 
strains of B. anthracis to provide 
markers for forensic epidemiology45

Genome sequence of mimivirus 
blurs distinctions between 
bacteria and viruses57

Bacterial metagenomics 
survey of Sargasso sea yields 
>1 million new genes56

First genomics super-project; 
sequencing of 100 strains of 
S. Typhi150

Rise of bacterial genomic 
epidemiology to track 
hospital pathogens65,67

A human gut microbial gene 
catalogue established by 
metagenomic sequencing93

CRISPR–Cas adopted 
for programmable 
genome editing142

Oxford Nanopore launch 
MinION Access Programme

Dense sequencing of >3,000 
S. pneumoniae isolates shows 
bacterial populations shaped 
by human interventions74

Invention of dideoxy chain terminator 
sequencing by Fred Sanger126

First complete genome sequences 
obtained of free-living bacteria: 
H. influenzae3 and M. genitalium147

First genome sequences 
from E. coli and B. subtilis7,8

Evidence for lateral 
gene transfer between 
Archaea and bacteria 
from genome sequence 
of T. maritima23

H. pylori becomes 
the first species 
with sequenced 
genomes from 
two isolates17

Genome sequences of two 
strains from one species 
(S. aureus) in a single 
publication148

E. coli genome sequences 
reveal extensive 
horizontal gene transfer21

Genome 
sequence of 
M. leprae 
documents 
bacterial 
pseudogenes 
and reductive 
evolution10

Genome sequencing of uncultivable T. whipplei 
leads to design of axenic growth medium13

Whole-genome sequencing identifies 
target of new drug against M. tuberculosis81

First next-generation 
sequencer: the 454 GS20149

Single-cell genomics of TM7 
microorganisms from the human mouth103

Release of the Illumina 
Genetic Analyzer 2

Transposon-sequencing identifies 
essential genes in Salmonella86

Genome 
sequence 
of Y. pestis 
from the 
Black 
Death98

Metagenomics used to 
analyse E. coli outbreak95

Open-source genomics of an 
E. coli outbreak in Germany77

Genome sequencing shows 
role for UN peacekeepers in 
Haiti cholera outbreak63

Genome sequencing adopted 
for routine surveillance of 
salmonellosis and tuberculosis

Genomics of candidate 
phyla radiation reveals 
novel unusual biology106

As we entered a new millennium, we 
started to gain multiple genomes from 
the same genus or species16–19. Given the 
large-scale conservation of gene order 
in genetic maps of E. coli and Salmonella 
enterica20, one might have expected one 
E. coli genome to be almost identical to any 
other E. coli genome; instead, the first three 
E. coli genomes revealed an unexpected 
role for horizontal gene transfer (HGT) in 
generating strain-to‑strain diversity in this 
species7,21,22. Similarly, the genome sequence 
of the thermophilic bacterium Thermotoga 
maritima provided evidence for extensive 
HGT between Archaea and Bacteria23.

Following these findings, it soon became 
clear that no single conceptual framework 
could be applied to the genome dynamics 
of all bacterial lineages. Some lineages were 
‘celibate’, refraining from sexual exchange of 
DNA and thus showing limited genetic diver-
sity and little or no evidence of recombination 
or HGT. Several important human pathogens 
showed this tidy, tree-like, monomorphic 
pattern of genome divergence, characterized 
by single-nucleotide polymorphisms (SNPs) 
and deletions; examples include Y. pestis, 
Bacillus anthracis, Salmonella enterica subsp. 
enterica serovar Typhi and M. tuberculosis24. 
Genome sequences from the intracellular 
parasite Rickettsia prowazekii25 and from 
the unculturable leprosy bacillus M. leprae10 
provided a glimpse of the process of reductive 
genome evolution that occurs when sexually 
isolated lineages adapt to a restricted niche; 
this process is characterized by the creation 
of non-functional pseudogenes, followed by 
complete loss of sequences that are no longer 
needed for bacterial survival in the intra
cellular niche26. Similar genome erosion  
has been reported in a cyanobacterial  
endosymbiont of a fern27.

Comparing the genomes of pathogens 
specifically adapted to a particular disease 
lifestyle with those of close relatives revealed 
a similar loss of genes that hinder within-host 
survival28. For example, studying the genome 
of the intracellular pathogen Shigella (a set of 
lineages that belong firmly within the species 
E. coli, but which have retained a separate 
genus designation to avoid confusion in clini-
cal microbiology) revealed a loss of genes 
that are responsible for flagellar motility and 
for the production of the diamine cadaver-
ine, factors that hinder virulence in the new 
intracellular niche28. Comparative genomics 
also revealed the presence of degenerate gene 
clusters even in the paradigmic E. coli K-12 
genome, which has implications for gene 
annotation and for understanding evolution 
in this important model organism29,30.

Figure 1 | Milestones in bacterial genome sequencing. B. anthracis, Bacillus anthracis; B. subtilis, 
Bacillus subtilis; Cas, CRISPR-associated; CRISPR, clustered regularly interspaced short palindrome 
repeats; E. coli, Escherichia coli; H. influenzae, Haemophilus influenzae; H. pylori, Helicobacter pylori; 
M. genitalium, Mycoplasma genitalium; M. leprae, Mycobacterium leprae; M. pneumoniae, Mycoplasma 
pneumoniae; M. tuberculosis, Mycobacterium tuberculosis; R. prowazekii, Rickettsia prowazekii; 
S. aureus, Staphylococcus aureus; S. pneumoniae, Streptococcus pneumoniae; S. Typhi; Salmonella 
enterica subsp. enterica serovar Typhi; T. maritima, Thermotoga maritima; T. whipplei, Tropheryma 
whipplei; Y. pestis, Yersinia pestis.
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20 years of bacterial genome sequencing

The First Revolution
Whole-genome shotgun

Shotgun

Sequencing

   Strand to be sequenced 

Assembly

Genomic sequence

The Second Revolution
High-throughput sequencing

The Third Revolution
Single-molecule sequencing

Sanger shotgun sequencing
• Sequencing by synthesis 
• Amplified templates generated in vivo
• Requires onerous colony picking and plasmid 

preparation

Illumina sequencing
• Sequencing by synthesis 
• Amplified templates generated in vitro
• High accuracy but short read lengths

Pac Bio SMRT sequencing
• Sequencing by synthesis
• Single-molecule templates
• Low accuracy but long read lengths

Oxford Nanopore sequencing
• Nanopore sequencing
• Single-molecule templates
• Low accuracy but long read lengths

454 sequencing
• Sequencing by synthesis 
• Amplified templates generated in vitro 
• High accuracy outside homopolymers 

but short read lengths

For example, ABI capillary sequencer (ABI)

For example, 454 GS FLX+ (Roche)

For example, MiSeq (Illumina)
For example, MinION 
(Oxford Nanopore)

For example, PacBio RS 
(Pacific Biosciences)

The view from the genomic high 
ground also provided new insights into 
key virulence strategies used by pathogenic 
bacteria, often overturning assumptions 
based on studies on a limited set of organ-
isms. Notably, these studies elucidated the 
evolution and function of bacterial protein 
secretion systems and protein-targeting 
mechanisms, such as sortases, which enable 
the attachment of substrate proteins such 
as enzymes, pilins and adhesins to the 
bacterial cell surface. Examples include 
the discovery that Esx secretion, which 
mediates the secretion of important anti-
gens in M. tuberculosis, was not limited to 
mycobacteria, but occurred in a wide range 
of bacteria, or that in the genomes of bacte-
ria such as Corynebacterium diphtheriae or 
Streptococcus pneumoniae there were multiple 
sortase genes, each clustered with genes 
for sortase substrates31,32. Genomic mining 
of plant pathogens such as Pseudomonas 

syringae revealed many new type III  
secretion system effectors33.

In other bacteria, particularly naturally 
competent organisms, such as Neisseria 
spp. or the streptococci, it became clear 
that recombination blurred the evidence 
of evolutionary branching and even ren-
dered tree-like thinking inappropriate in 
understanding genome evolution34. The 
pervasive role of HGT across much of the 
bacterial world led to a consideration of 
the key differences between core genomes 
(the genes present in all strains within a 
taxonomic group), accessory genomes 
(the genes present in a single strain, or in 
some but not all strains) and pan-genomes 
(the entire gene set, including the core and 
accessory genomes)35,36. Furthermore, this 
led to the recognition of important roles 
of genomic islands and mobile genetic 
elements (MGEs), particularly bacterio-
phages, in shaping genome evolution and 

pathogen biology through HGT and genetic 
rearrangements37,38.

The discovery of what seemed to be viru-
lence factors encoded in the genomes of non-
pathogens led to a new ‘eco–evo perspective’, 
in which genomic analyses of pathogens 
and commensals were embedded in a rich 
ecological and evolutionary context that takes 
into account lifestyle shifts (for example, from 
commensal to pathogen or vice versa) and 
recognizes that many bacterial virulence fac-
tors have been shaped by evolutionary forces 
outside the context of human–pathogen 
interactions39,40. In this context, a pioneering 
comparison of isolates from a laboratory-
acquired infection with Burkholderia mallei 
provided the first glimpse of short-term 
within-host genome evolution41.

Exploiting genomics. Hard on the heels 
of the first sequencing projects, efforts 
focused on the information contained in 

Figure 2 | Bacterial genomics: the first two decades. The three revolutions in sequencing technology that have transformed the landscape of bacterial 
genome sequencing are as follows: whole-genome shotgun sequencing, high-throughput sequencing, and single-molecule long-read sequencing.  
SMRT, single-molecule real-time. 
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the newfound genomes. In a pioneering 
approach termed ‘reverse vaccinology’, Rino 
Rappuoli and his colleagues sieved through 
the meningococcal genome for novel vac-
cine targets. This effort culminated in the 
recently licensed Bexsero vaccine against 
menB meningitis42,43. Sequencing was also 
applied to other problems. For instance, in 
the wake of the 2001 anthrax attacks in the 
United States, now known as the Amerithrax 
incident, in which B. anthracis was delib-
erately released into the US postal service, 

scientists at The Institute for Genomic 
Research (TIGR) genome-sequenced multi-
ple strains of B. anthracis, and a subsequent 
tour‑de‑force genomic analysis of samples 
from the incident led to closure of the case 
by linking the profile of mutations within the 
released material to a flask in a government 
laboratory at Fort Detrick in Maryland44,45.

Bacterial genome sequencing also 
spawned a range of high-throughput 
approaches that fall under the umbrella term 
‘functional genomics’. Early on, genome 

sequences were used to design microarrays 
that could be used to compare genome con-
tents and interrogate patterns of global gene 
expression46–48. Similarly, the availability of 
complete genome sequences primed efforts 
in structural genomics and proteomics49–51. 
When combined with novel mutagenesis 
approaches that facilitated high-throughput 
screening of gene function52, these func-
tional genomics efforts delivered unparal-
leled insights into the biology of pathogens 
and model organisms, together with some 
unexpected spin-offs (BOX 3).

Sequencing the biosphere. From the 
start, bacterial genome sequencing made 
significant inroads into environmental 
microbiology, documenting the lifestyles of 
extremophiles while also providing insights 
into the diversity and evolution of life. 
For example, the genomes of Shewanella 
oneidensis and Geobacter sulfurreducens 
provided new insights into the process of 
metal ion reduction in the environment 
and opened up new possibilities for biore-
mediation53,54, whereas genome sequenc-
ing revealed unsuspected diversity among 
marine aerobic anoxygenic phototrophs55. 
In 2004, Venter and colleagues applied 
shotgun metagenomic sequencing to the 
microbial contents of the Sargasso Sea56, 
delivering over a million new predicted pro-
tein sequences into the databases. Similarly, 
sequencing the 1.2 Mb genome of mimi-
virus, which was originally isolated from 
amoebae growing in the water of a cooling 
tower of a hospital, blurred the distinction 
between bacteria and viruses57. Efforts such 
as the Genomic Encyclopedia of Bacteria 
and Archaea (GEBA) set about applying 
genome sequencing to as many organisms 
as possible58.

The second revolution
High-throughput sequencing. High-
throughput or next-generation sequencing 
reached bacteriology in the second half of 
the 2000s59,60 (FIG. 2). This was clearly an idea 
whose time had come, as multiple platforms 
hit the marketplace in quick succession 
(reviewed in REF. 60), accompanied by new 
bioinformatics approaches. By 2012, a fresh 
round of innovation led to the emergence 
of benchtop sequencing platforms61. These 
laser-printer-sized instruments came with 
modest set‑up and running costs, and turn
around times measured in days; this meant 
that, for the first time, bacterial genome 
sequencing could move out of sequencing 
centres and into universities and public 
health laboratories.

Box 1 | Sequencing and bioinformatics technologies

In the 1970s, British biochemist Fred Sanger invented a chain-termination approach to DNA 
sequencing that revolutionized biology126, while Roger Staden showed how computer programs 
could be used to assemble sequences127. By the 1990s, steady improvements in sequencing 
technologies raised the possibility of bacterial whole-genome sequencing. However, the first 
bacterial genome-sequencing efforts used an onerous hierarchical top-down sequencing 
approach, in which it was necessary to create and map a library of large-insert clones, then create 
small-insert libraries from each of these clones, which would finally enable sequencing of these 
inserts. This top-down approach was largely side-lined by the arrival of bacterial whole-genome 
shotgun sequencing in 1995 (REF. 3). In this approach, the bacterial genome is broken up randomly 
into numerous small segments, which are sequenced en masse and then assembled into much 
larger sequences (contigs) using powerful computer programs (FIG. 1). Shotgun sequencing of 
bacterial genomes in turn spawned novel bioinformatics tools for assembly, gene calling and 
annotation such as Phred, Phrap, Glimmer and Artemis128–130.

Sanger sequencing, combined with shotgun cloning in Escherichia coli, survived uncontested 
during the first decade of bacterial genome sequencing, despite the drawbacks of this approach: it 
remained onerous and expensive, and it could not be used on genes that were toxic to the cloning 
host, which therefore dropped out of sequencing libraries. The inability to clone such genes was 
overcome by the high-throughput sequencing revolution, which switched from biology to 
chemistry for template generation, while also delivering a massive increase in throughput60.
However, this increase in throughput came at the expense of read length, which ranged from a few 
dozen to a few hundred base pairs per read. This meant that the new short-read technologies 
could not deliver finished bacterial genomes, because they were unable to generate accurate 
assembly across long repeats (derived from insertion sequences, prophages or ribosomal RNA 
clusters). They also failed to detect large-scale structural variation in genomes (for example, large 
chromosomal inversions, insertions or duplications).

The trade-offs inherent in this new reliance on short-read sequencing led to changes in emphasis: 
from whole-genome sequencing of new species to large-scale resequencing of closely related 
genomes from the same species; from finished genomes to draft genomes; and from de novo 
assembly to mapping against a reference genome. To some extent, this revolution changed what it 
meant to say one “had sequenced a genome”, because genomes were now usually left incomplete, 
with most of the effort going into mapping differences between related genomes, rather than 
identifying and annotating new genes. This fuelled efforts in bioinformatics to devise new tools for 
analysing short-read data, such as Newbler, SOAPdenovo and Velvet131.

The shortcomings of short-read sequencing provided the impetus for the third revolution: the 
arrival of long-read, single-molecule sequencing. Single-molecule real-time (SMRT) technology 
relies, like short-read sequencing, on a sequencing-by‑synthesis approach110. However, the 
sequencing reactions occur in such small volumes that base calling becomes possible from 
unamplified, single-molecule targets, which facilitates long-read sequencing. Nanopore 
sequencing provides an innovative alternative to sequencing-by‑synthesis, in which strands of 
DNA pass through the nanopore, and successive bases trigger changes in current that can be used 
to generate a sequence132. Both third-generation technologies have driven the development of 
bioinformatics tools aimed at getting the most out of long-read data, such as HGAP (hierarchical 
genome assembly process) and Nanopolish112,133.

The steady accumulation of genomic and metagenomic data has brought the problems of ‘big 
data’ to bacteriology. Cloud computing provides an attractive solution, which provides easier 
access to data and facilitates sharing of tools and resources134. As a result, cloud computing has 
been adopted by sequencing companies (such as Illumina’s Base Space), commercial providers 
(such as the Amazon Cloud) and academic consortia (such as the UK’s Medical Research Council 
(MRC)-funded Cloud Infrastructure for Microbial Bioinformatics (CLIMB) project).
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Translational clinical bacterial genomics. 
The arrival of high-throughput sequencing 
coincided with and energized the develop-
ment of SNP-based phylogenetic analyses 
of bacterial pathogens. Pioneering efforts 
by Mark Achtman and colleagues at the 
Wellcome Trust Sanger Institute showed 
how these approaches could be used to 
capture global population genomics and 
the links between genomic diversity and 
geography for important pathogens such as 
S. Typhi62. Newsworthy applications of this 
approach included uncovering a politically 
charged link between a cholera outbreak 
in Haiti and Nepalese peacekeepers63, and 
showing that humans transmitted leprosy to 
armadillos, who then transmitted it back  
to those who handled or ate these animals64.

SNP-based analyses were also applied 
in a small-scale, high-impact fashion to 
the genomic epidemiology of outbreaks, 
with pioneering applications to the hospital 
outbreaks of S. aureus and Acinetobacter 
baumannii65–67. These efforts were then fol-
lowed by substantially extensive analyses of 
a range of pathogens that can be found in 
hospitals (for example, S. aureus, Clostridium 
difficile and carbapenemase-producing 
Enterobacteriaceae)68–70 and in the com-
munity (for example, tuberculosis and 
drug-resistant gonorrhoea)71,72. The exquisite 
resolution of these approaches has allowed 
the reconstruction of transmission chains 
while also documenting within-patient 
pathogen diversity, showing that ‘clonal’ does 
not mean ‘identical’, that pathogens evolve 
within the host, and that multiple genotypes 
of a pathogen can coexist at a given site73. 
Whole-genome sequencing has also docu-
mented bacterial adaptation to therapeutic 
interventions in patients, such as the use of 
antibiotics and vaccines74–76.

The increasing tractability of high-
throughput sequencing has seen this 
approach move ever closer to routine clinical 
and public health microbiology. For exam-
ple, rapid benchtop sequencing, open data 
release and social media catalysed the analy-
sis of genomes during an outbreak of Shiga-
toxin-producing E. coli77. Furthermore, in a 
landmark study, every significant bacterial  
pathogen isolated during a single day in 
a clinical microbiology laboratory was 
genome-sequenced, illustrating the feasibil-
ity and utility of this approach in clinical 
practice78. As a result of these technological 
advances, there is now considerable inter-
est in determining how reliably one can 
deduce phenotype from genotype when 
considering resistance or virulence markers  
in bacteria79,80.

Fresh applications, fresh challenges. High-
throughput sequencing has found additional 
new applications in drug discovery and in 
functional genomics. For example, SNP-
based comparisons between the genomes 
of a sensitive parent strain and a resistant 
daughter strain can be used to identify the 
targets of new drugs81–83. Notably, func-
tional genomics has been re‑energized, 
especially owing to the emergence of trans-
poson sequencing (Tn‑Seq), an approach 
discovered independently by four differ-
ent research groups82,84–86. Tn‑Seq exploits 
massively parallel screening of transposon 
libraries to identify genes and pathways that 
contribute to fitness in different environ-
ments. Additionally, various new approaches 
combine macromolecular crosslinking with 
high-throughput sequencing. These include: 
CHIP–Seq (chromatin immunoprecipitation 
followed by sequencing)87, which is provid-
ing detailed global maps of the interactions 
between proteins and genomes; chromatin 
confirmation capture (3C), which is turn-
ing one-dimensional genome sequences 
into three-dimensional maps88; and Hi‑C, an 

approach for elucidating the cellular colocali-
zation of DNA sequences that holds great 
promise in metagenomics89. The genome-
wide association study (GWAS) approach 
commonly used in human genetics has 
also been applied to bacterial genomics and 
shown early success90, although it is unclear 
at present how widely it will be used.

In parallel with the relentless rise of the 
microbiome across the scientific agenda 
and in the public eye91, high-throughput 
sequencing has been harnessed for culture-
independent approaches to microbial ecol-
ogy and even for diagnosis. David Relman 
and colleagues showed how molecular 
bar-coding approaches could be combined 
with high-throughput sequencing to achieve 
unprecedented depths of coverage in 
microbial community profiling92. Similarly, 
shotgun metagenomics took on a new lease 
of life, with the first in‑depth studies of 
the gut microbiomes of humans and other 
animals93,94. In recent years, there has been 
a growing interest in using metagenom-
ics to deliver a new culture-independent 
paradigm in diagnostic microbiology, as 

Box 2 | The sociology of sequencing: from sequencing centre to benchtop

Two large sequencing centres were established in 1992, along with associated sequencing 
programmes, one on each side of the Atlantic: Craig Venter set up The Institute for Genomic 
Research (TIGR) in Rockville, Maryland, while the Wellcome Trust established the Sanger Centre 
near Cambridge, in England. The primary focus of the two centres was the human genome, but 
both cranked out many bacterial genome sequences over the years that followed. They were 
subsequently joined by several other major sequencing centres, including the French National 
Sequencing Centre, Genoscope, in Évry, near Paris; the US Department of Energy’s Joint Genome 
Institute (JGI), in Walnut Creek, California; the Whitehead Institute, and then the Broad Institute, 
both located in Cambridge, Massachusetts; and the Human Genome Sequencing Center situated 
at Baylor College of Medicine in Houston, Texas.

In the early years, there was some friendly rivalry between centres. TIGR beat Sanger to the first 
bacterial genome sequence3, but the Sanger beat TIGR to the first Mycobacterium tuberculosis 
genome5. The Sanger beat Genoscope to the first genome of Tropheryma whipplei11, but French 
investigators skilfully used the genome sequence to design a new culture medium13. In the first 
decade of bacterial genome sequencing, publications regularly appeared in high-impact journals, 
and sequencing centres engaged widely with the scientific community — both through individual 
projects and through microbial genome meetings, at which the latest exciting breakthroughs were 
announced to a riveted audience135.

Relationships between research communities and sequencing projects were complex. For each 
community of researchers focused on a given microorganism, the arrival of a genome sequence 
re‑drew the research landscape and forced them to adapt, sometimes reluctantly, to new 
post-genomic circumstances and opportunities. Many were grateful for what the sequencing 
centres delivered, but some felt frustration at their inability to control the tempo and agenda of 
the genome-sequencing projects, which sometimes dragged on for years.

The UK’s first bacterial genome-sequencing project outside of a major sequencing centre was 
completed in 2007 (REF. 136). Within a couple of years, the disruptive effect of high-throughput 
sequencing, particularly benchtop sequencing, brought bacterial genome sequencing into the 
average university set‑up137 while also driving population-biology projects, with thousands of 
bacterial genomes per project becoming routine74,138.

As whole-genome sequencing becomes the default approach for a range of research and clinical 
applications, it remains unclear how far institutions should try to centralize, de‑centralize or 
outsource sequencing capacity. No longer a grand voyage of discovery, but an undemanding 
technical exercise, bacterial genome sequencing now often falls to Ph.D. or even project students. 
How times have changed!
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demonstrated by the recent proof‑of‑prin-
ciple studies on an outbreak of Shiga-toxin-
producing E. coli O104:H4, a suspected 
outbreak of severe pneumonia and a case of 
neuroleptospirosis95–97.

High-throughput sequencing has been 
applied to other areas, from the study of 
ancient pathogens to the analysis of single 
cells. For example, ancient DNA research 
has delivered pathogen genomes from the 
past, including genomes from Black Death, 
from a medieval Brucella strain and from 
eighteenth-century tuberculosis98–100. In 
addition, multiple displacement amplifica-
tion, which is an isothermal amplification 
approach that relies on random hexamers 
and a high-fidelity polymerase for whole-
genome amplification, has delivered bacte-
rial genome sequences from low-biomass 
samples, including single cells101. This 
approach has provided reference genomes 
for numerous candidate phyla, known previ-
ously only from molecular barcodes, thereby 
filling in gaps in the genomic tree of life102. In 
2007, the first genomes were obtained for the 
evasive TM7 phylum from single cells taken 
from the human mouth and from soil103,104. 
Five years later, a genome from another 
candidate phylum, TM6, was recovered 
from a hospital sink drain using a highly 
automated single-cell genomics platform105. 
Improvements in laboratory and bioinfor-
matics pipelines for metagenomics mean 
that this approach can also provide assem-
bled genome sequences from uncultured 
organisms. A recent example includes the 
recovery of multiple genomes from a ‘candi-
date phyla radiation’ super-phylum, which 
represents novel and unusual biology across 
a large part of the bacterial domain106.

The advances in high-throughput 
sequencing have also had an impact on bac-
terial taxonomy. Genome and metagenome 

sequencing have become easier to use, 
which has increased their practical util-
ity compared to bacterial taxonomy — a 
discipline that remains conservative and 
still insists on using mid-twentieth cen-
tury approaches107. A number of studies 
have compared traditional and genome-
sequence-based taxonomies108,109, and now 
that most bacterial taxa are known only 
from culture-independent approaches, it 
is perhaps time to reconsider use of tradi-
tional approaches, particularly as genome 
sequences provide reliable, reproducible 
digital taxonomic data.

The third revolution
Single-molecule, long-read sequencing. 
The first long-read technology to achieve 
widespread use was single-molecule real-
time (SMRT) sequencing from Pacific 
Biosciences110 (FIG. 2). Recent publications 
have shown that this approach, on its own or 
combined with short-read sequencing, can 
deliver high-quality assemblies111,112. This, in 
turn, is taking us back to the era of complete, 
reference-quality genome sequences. This 
is exemplified by an ongoing collaboration 
between the Wellcome Trust Sanger Institute 
and Public Health England to use SMRT 
sequencing to deliver reference genomes for 
3,000 bacterial strains from the UK’s National 
Collection of Type Cultures113, which will not 
only add value to this well-curated collection 
but also deliver new insights into genomic 
and metabolic diversity. SMRT sequencing 
has also proven useful in unravelling plas-
mid diversity in multidrug-resistant hospital 
pathogens, such as Enterobacter cloacae114, 
and has the potential to go beyond four-base 
sequencing to reveal genome-wide patterns 
of methylation and other chemical modifica-
tions that control the biology of bacteria or 
the virulence of pathogens115.

Despite its benefits, with a US$700,000 
price tag and large instrument size,  
SMRT sequencing is largely restricted 
to major sequencing centres, although a 
cheaper instrument is promised in 2016. 
An alternative approach, nanopore sequenc-
ing, promises single-molecule long-read 
sequencing for the masses, with Oxford 
Nanopore’s MinION instrument under eval-
uation by numerous eager early-adopters. 
Similar to SMRT sequencing, nanopore 
sequencing can generate reads that are long 
enough to span large-scale repeats, and early 
proof‑of‑principle studies suggest that it can 
deliver genome-scale assemblies for bacte-
ria116–118. Furthermore, nanopore sequencing 
has already been applied to the analysis of a 
Salmonella outbreak and to the detection of 
resistance genes in Gram-negative isolates 
and in S. aureus119,120. However, unlike the 
SMRT platform, the MinION is small and 
portable, which enables near-patient or 
in‑the-field sequencing, as evidenced by its 
use during the 2014–2015 Ebola outbreak 
in West Africa121. As with SMRT sequenc-
ing, nanopore sequencing is far less accurate 
than established short-read technologies, 
although recent improvements have been 
documented122.

Future prospects. So, what can we expect 
from the third decade of bacterial genome 
sequencing? Despite suggestions to the 
contrary123, we expect the gold rush to con-
tinue and to see the $1,000 human genome 
matched by the $1 bacterial genome. 
Perhaps rather fancifully, we have predicted 
a ‘sequencing singularity’, whereby sequenc-
ing becomes the method of choice for 
as‑yet unthinkable applications. The recent 
report of encoding and then sequencing 
Shakespeare’s sonnets in a DNA format illus-
trates the point124. But who knows what will 
happen when it becomes as easy to sequence 
a bacterial genome as it is to perform a 
pregnancy test?

Clearly, whole-genome sequencing will 
soon overtake phenotypic methods for the 
identification and characterization of bac-
terial isolates, whether in clinical practice 
or in taxonomy. The arrival of accurate, 
high-throughput long-read sequencing will 
transform genomic epidemiology, forcing us 
to think beyond single colonies and SNPs. 
How far metagenomics can replace culture 
methods as a diagnostic approach remains 
to be seen, but for some samples (such as 
faeces or urine) one could imagine bacterial 
metagenomics integrated into a microfluid-
ics-driven nanopore-based comprehensive 
macromolecular monitoring approach that 

Box 3 | Spin-offs from bacterial genomics

As cogent proof that translational research cannot be scripted, bacterial genomics has delivered 
several unplanned but important spin-offs. One early example was the unexpected discovery of 
novel glycosylation systems encoded in the Campylobacter jejuni genome14. This has led to a 
vibrant programme of glycoengineering, which promises to deliver new highly immunogenic 
glycoconjugate vaccines139,140.

Comparative genome analyses, by Eugene Koonin and his collaborators, led to the recognition 
that the CRISPRs (clustered regularly interspaced short palindrome repeats) and variable arrays of 
the CRISPR-associated (Cas) genes seen in many bacterial genomes represented a prokaryotic 
immune system that targeted specific sequences from bacteriophages141. This primed the 
exploitation of these systems by Jennifer Doudna and others via genome engineering of humans, 
plants and animals — an advance that arguably counts as one of the greatest scientific 
breakthroughs of this millennium142,143.

The availability of large genomic and metagenomic data sets has fuelled bioprospecting and 
provided many of the components of the toolkits used by synthetic biology144. It has also 
underpinned chemical synthesis of the genome of a free-living organism145.
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could capture sequences from pathogen 
and host, DNA, RNA and proteins, to assay 
and investigate infection, inflammation and  
neoplasia all in one workflow125.

Liberated from the laboratory by field-
compatible sequencing devices, environmen-
tal microbiologists will steadily sequence 
more of the microbial biosphere. No one can 
know what ‘unknown unknowns’ await us 
in terms of microbial diversity, but, as with 
mimivirus, we may yet again have to rewrite 
the textbooks. For all microbiologists — 
clinical or environmental, basic or applied 
— a brave new world awaits us.
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