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Bacteriology has embraced the next-generation sequencing revolution, swiftly moving from the time of single 
genome sequencing to the age of genomic epidemiology. Hundreds and now even thousands of genomes are 
being sequenced for single bacterial species, allowing unprecedented levels of resolution and insight in the 
evolution and epidemic diffusion of the main bacterial pathogens. Here, we present a review of some of the most 
recent and groundbreaking studies in this field.
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Introduction
It seems that lately all scientific articles presenting results 
based on next-generation sequencing start with slight var-
iations of the same formula ‘In recent years the advent of 
novel sequencing technologies has revolutionized the field 
of …’. This uniformity can teach us a couple of lessons. 
First of all that scientists do not apply their unquestion-
able creativity to the writing of introductions, but more 
importantly that maybe we are actually really facing a 
scientific revolution. These technologies allow to obtain 
unprecedented levels of resolution and standardization in 
genomic data at affordable prices and turnaround times.

Many researchers quickly understood the power of 
these novel sequencing approaches, generating wealth 
of data for a number of different biological systems, and 
designing novel methods to exploit these information. 
Among them, many bacteriologists fully embraced the rev-
olution, understanding that the generation of high numbers 
of genomes from a single species, strain or clonal group 
would allow to reconstruct the history of a bacterium in 
time and space, to trace its movements and relevant evo-
lutionary events, and to understand the success of specific 

strains. This genomic epidemiology approach has been 
applied to a plethora of bacteria, first and foremost to path-
ogens, with the final goal of obtaining novel strategies to 
effectively deal with diseases. In this review, we present 
a small collection of some of the most novel and ground-
breaking results obtained in this field, to provide the reader 
with basic knowledge of the new advances and hopefully 
to inspire others to pursue innovative lines of research.

Local Studies
Third-generation sequencing to tackle the 
plasmid issue
Multidrug-resistant (MDR) bacteria are currently con-
sidered a health problem of primary importance both in 
Europe and USA.1 Enterobacteriaceae are among the most 
common MDR bacteria involved in nosocomial infection 
worldwide. These bacteria, Escherichia coli and Klebsiella 
pneumoniae, in primis are often commensals in healthy 
subjects, as part of the gut flora composition. When col-
onizing subjects with depressed or weakened immune 
system, they can turn into dangerous pathogens. These bac-
teria are able to rapidly develop antibiotic resistance, both 
by acquiring resistant factors from other bacteria and by 
developing favourable chromosome mutations. Among the Correspondence to: Davide Sassera, Dipartimento di Biologia e 
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most feared are carbapenem-resistant Enterobacteriaceae 
(CRE), capable of surviving even treatments with the most 
recently discovered molecules.

Due to antimicrobial resistance and opportunistic path-
ogenicity, many of the fatal infections caused by CRE 
occur within the hospital intensive care units, hosting 
patients in precarious health conditions, where antibiotic 
pressure is continuous, often resulting in nosocomial out-
breaks. Indeed, during 2013, MDR Enterobacteriaceae 
were responsible for over 9000 nosocomial infec-
tions in the USA, causing over 600 deaths.2 Multiple 
genomic epidemiology studies have been performed on 
Enterobacteriaceae global evolution, in particular focus-
ing on the most common antibiotic-resistant clones.3−6 
Additionally, the application of genomic approaches has 
allowed to characterize nosocomial outbreaks in detail, 
identifying dangerous clones and detecting transmission 
patterns.7−9 These studies used the ‘standard’ next-gener-
ation technologies for genome sequencing (Illumina and 
454). These now established technologies, sometimes now 
referred to as ‘second-generation technologies’,10 output 
very large sets of short sequences, suitable to obtain draft 
genome assemblies. Such methods, however, do not allow 
to fully characterize the genomic structure, that is to com-
pletely detect genomic rearrangements and fully recon-
struct complete plasmid sequences. In order to overcome 
these issues, we can turn to the latest advancements in 
DNA sequencing, the so called third-generation sequenc-
ing platforms.10 Among them is the single molecule real 
time (SMRT) sequencing technology which allows to 
obtain very long sequences (> 10,000 nt)11 and thus to 
perform genome assemblies that easily result in the full 
reconstruction of ‘closed’ chromosomes and plasmids.

Recently, Conlan and co-workers12 exploited this tech-
nology to bring local genomic epidemiology to a higher 
level. Twenty strains of CRE were sampled in the NIH 
Clinical Center in the time span between 2011 and 2013 
both from patients and from the hospital environment. 
Initial sequencing, performed with Illumina or 454 tech-
nologies was, as expected, not precise enough to char-
acterize the genomic content on a structural basis. For 
this reason, genomes were sequenced a second time using 
SMRT technology and polished on two levels. Illumina 
MiSeq reads allowed to ensure the highest precision in 
base content, while OpGen physical maps13 gave funda-
mental information on chromosome and plasmid struc-
tures. The effort allowed to obtain complete genomes at 
a very high level of accuracy, which were used together 
with epidemiological information to reconstruct the trans-
mission routes of the pathogens. In five cases, the aid of 
complete genomes and plasmids was essential to detect 
the exact pattern of transmission. Among the 20 isolates 
analysed, four showed novel genomic features, never 
described before. A Klebsiella oxytoca strain carrying a 
plasmid with two copies of the blaKPC gene, an isolate of 
K. pneumoniae with three plasmids each carrying a copy 

of the blaKPC gene and two isolates with a chromosomal 
copy of the resistance gene. Is such an high-percentage of 
novel features (4/20) surprising? Are the bacteria isolated 
at the NIH Clinical Center so unique? The more parsimo-
nious explanation is actually that these features are more 
common than we think, and that we had never seen them 
before because the quality of our sequencing was previ-
ously insufficient.

The approach by Conlan and colleagues also allowed 
to detect the movement of KPC plasmids between isolates 
of different species through the environment. A p55-like 
plasmid of K. pneumoniae isolated from a patient was 
the same found in Citrobacter freundii and Enterobacter 
cloacae sampled from the sink in the patient’s room, dif-
ferentiating only for two adaptive changes in the entire 
sequence. This suggested that the transmission happened 
in the sink, as a consequence of a transient presence of K. 
pneumoniae in the local biofilm. This finding underlines, 
once more, the importance of environmental controls in 
the hospital wards and suggests specific inspections that 
should be included in the safety protocols. Lastly, thanks 
to the finesse of the sequencing, it was possible to analyse 
a case of co-colonization in a 2011 patient who was found 
to carry both a carbapenem-resistant K. pneumoniae and 
a E. cloacae. Since the patient resulted not colonized at 
admission, and the two pathogens present two different 
copies of KPC plasmids, the authors concluded that there 
was no plasmid transfer and that both resistant strains were 
circulating in the institution prior of the patient’s arrival.

Hubs of gene flow in Streptococcus 
pneumoniae
Streptococcus pneumoniae is a gram-positive bacterium 
that resides, usually as an innocuous commensal, in the 
nasopharynx of healthy carriers, with prevalence vary-
ing from 5 to 90%.14,15 When S. pneumoniae colonizes 
immunocompromised individuals, children or elderly, it 
can act as an opportunistic pathogen, leading not only 
to pneumonia, but also to a variety of other important 
diseases, such as meningitis and febrile bacteraemia.16 
Multiple vaccines are currently available. For example, 
conjugate vaccine PCV7 was introduced in the United 
States in 2000, rapidly proving its effectiveness. Indeed, 
by 2003, the occurrence of infant pneumococcal disease 
in Massachusetts was 69% lower.17 Nevertheless, S. pneu-
moniae remains a leading infectious disease worldwide, 
with higher impact in developing countries. Multiple stud-
ies have used genomics to study this important pathogen, 
starting with the first complete genome sequence pre-
sented in 2001.18 Subsequent comparative works allowed 
to discover that this species exhibits a high frequency of 
genomic recombination, which in turn favours the rapid 
acquisition of novel genetic features. This is often fol-
lowed by rapid diffusion of those characteristics that give 
a distinct selective advantage, such as traits conferring 
resistance to antibiotics and vaccines.19−22 Such behaviour 
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was described even within the course of a single-patient 
chronic paediatric polyclonal infection.23

Recently a study presented the sequencing of over 3000 
genomes of S. pneumoniae isolated during the course of 
4 years from the population of a single refugee camp in 
Thailand.24 This is, to our knowledge, the largest study of 
bacterial genomic epidemiology to date, structured so that 
it allows an unprecedented level of sampling density, pro-
viding novel insight in the genomic evolution of S. pneu-
moniae and of bacterial populations in general. The authors 
used the Bayesian approach BAPS25,26 to investigate the 
structure of the bacterial population of the refugee camp, 
identifying 33 clusters, that could be divided in 183 second-
ary, mostly clonal, subclusters. An analysis focused on the 
capsule biosynthesis locus and detected a strong presence 
of non-typeable (NT) isolates, lacking the capsule, but also 
the impressive number of 191 ‘plausible capsule switching 
events’, with numerous of these recombinations causing 
switches between the capsulated and non-capsulated states.

While nucleotide substitution rate did not differ between 
clusters, rate of recombination was variable. This ratio, 
intended as the ratio between recombination and mutation 
events (r/m), resulted to be very different among population 
clusters and significantly higher in NT isolates. The more 
striking result of this analysis was, however, the consist-
ently higher rate of recombination of six genomic loci, spe-
cifically antigens and antibiotic-resistance genes. Among 
these ‘recombination hotspots’ were genes providing resist-
ance to beta-lactams and cotrimoxazole. Interestingly, the 
recombination histories of genes providing resistance to 
the two antibiotics were different, and the authors found 
them to match the variable use of beta-lactams and cotri-
moxazole, respectively, increasing and decreasing during 
the time of the study within the refugee camp area.

The extreme genome density of this study allowed also 
to tackle one important issue of recombination studies, the 
detection of the donor isolates. Indeed, the authors identi-
fied 443 blocks that were identical between the recipient 
and the donor, nine of which were the results of recombi-
nation between nine donors and one single recipient. These 
blocks were not uniformly distributed in the population, 
and the NT isolates resulted to be not only good recipients, 
but good donors as well. In summary, this study reported 
the presence of ‘recombination hotspots’ that can easily 
move among isolates, but also the presence of specific 
lineages that can act as ‘hubs of gene flow’. Since these 
lineages are not necessarily those that present higher viru-
lence, such as NT isolates in S. pneumoniae, these results 
provide novel insights that can help to change the way we 
look at the dynamics of bacterial populations.

Global Trends
The explosion of Salmonella Typhi H58
Salmonella enterica is a widely studied pathogenic agent, 
of such importance that has caused multiple health and 
economic crises worldwide.27 The three S. enterica clusters 

of greater importance for human health are serovar Typhi 
(or S. Typhi), serovar Typhimurium (or S. Typhimurium) 
and serovar Enteritidis (or S. Enteritidis). S. Typhi is the 
causative agent of typhoid fever, a disease particularly dif-
fused in Asia, and endemic in the Indian subcontinent.28 It 
was estimated that, just during 2010, typhoid fever affected 
26.9 million people worldwide, with fatality rates ranging 
from 1 to 30%.29 S. Typhi is able to infect human blood 
and intestine, producing an array of symptoms including 
nausea, vomiting, fever and death. A portion of colonized 
people usually remain asymptomatic for long periods of 
time (up to years), shedding the bacterium into their stool 
and urine,27 with the effect of sustaining the pathogen 
transmission.

Blantyre is a ~1.3 million people district, localized in 
the south of Malawi. In this area, between 1998 and 2010, 
several cases of bloodstream infection (BSI) caused by 
nontyphoidal serovars of Salmonella were reported, while 
the typhoidal S. Typhi serovar was rare.30 Starting from 
2011, an increase in the number of BSI caused by MDR S. 
Typhi has been reported. In particular, the S. Typhi lineage 
H58 resulted to be predominant in the infected population. 
Feasey and colleagues30 used a genomic epidemiology 
approach to reconstruct the origin of the emergence of S. 
Typhi H58 in this area: they collected epidemiological data 
from the Blantyre district (covering the period 1998–2011) 
and sequenced the genome of 112 S. Typhi strains, iso-
lated there from 2004 to 2011. Whole-genome analysis 
was performed using a genome mapping approach, and 
the obtained SNPs were subjected to maximum-likelihood 
phylogenetic analysis. Merging the information from the 
resulting tree and the epidemiological data, the authors 
were able to reconstruct that the increase of typhoid fever 
reported from 2011 was due to the rapid diffusion of a 
monophyletic S. Typhi lineage, the aforementioned H58-
haplotype. H58 resulted to be associated with MDR with a 
much higher frequency (89.3%) than the other circulating 
S. Typhi types (21.4%).

Strong phylo-geographical clusters were described 
within the H58 lineage, indicating it to be endemic in the 
areas included in the study. H58 isolates, collected in the 
same areas, resulted to be clustered on the phylogenetic 
tree, independently of the date of isolation. This geograph-
ical clusterization is consistent with the existence of res-
ervoirs. Furthermore, genomes of the H58 strain result to 
be very conserved within the lineages, in contrast with the 
other S. Typhi monophyla. Indeed, the H58 tree branch 
lengths are shorter than the other S. Typhi lineages. These 
data can be explained hypothesizing that a strong puri-
fying selective pressure affects the H58 lineage, and/or 
that frequent genomic recombinations occurred among 
the H58 strains.

Due to the undeniable importance of this haplotype, 
a second study was performed to describe its emergence 
at the global level. Wong and colleagues31 considered the 
impressive collection of 1,832 S. Typhi isolates collected 
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allowed to distinguish and date different clades with var-
iable virulence levels, corresponding to different stages 
in the epidemic diffusion. Genomic variability among the 
clades was analysed both at the SNP level and the gene 
content level, with the aim of correlating genomic changes 
with fitness and virulence.

The study concluded that sequence type 22-A (ST22-A) 
was the first of this lineage to obtain resistance to methi-
cillin, from the primitive community-associated methicil-
lin-sensitive ST22, and dated this event to before 1977. 
This led to a health care-associated MRSA epidemic that 
spread in England in the 1980s (ST22-A1). In the mid 
1980s, a sublineage acquired resistance to fluoroquinolo-
nes, and EMRSA-15 (also called ST22-A2) was born. The 
authors performed a bayesian analysis and detected a con-
siderable difference in population size between ST22-A1 
and ST22-A2, putative consequence of a fitness boost 
which caused the worldwide diffusion of the latter strain. 
Lastly, genomic traits were correlated with antimicro-
bial resistance profiles, thus highlighting the potential of 
genome sequencing as a diagnostic tool. Appearance on 
the tree of genetic variants responsible for antimicrobial 
resistance was found to agree with the variations of anti-
biotic prescription policy-making in the different regions 
during the years. Indeed, EMRSA-15 spread through the 
UK when fluoroquinolones where highly used, while a 
subsequent spread in Germany was a consequence of the 
development of yet another resistance, to clindamycin, 
which was heavily used in that country. Recently, other 
similar works reconstructed and dated the origin of other 
MRSA epidemic clones. Genomic variants were mapped 
on the trees and correlated with phenotypic changes. For 
example, Planet and coworkers39 worked on USA300 
and USA300-LV clones, while Stinear and colleagues40 
on CA-MRSA ST93. Stegger et al.41 studied CC80 and 
Baines et al.42 focused their efforts on HA-MRSA ST239.

In addition to these phylogeny-based works, the genom-
ics of S. aureus has been used to investigate variations in 
genome structure. Indeed recombinations, transmission of 
plasmids and pathogenicity islands represent big adaptive 
steps in the history of MRSA, as they do for CRE and 
S. pneumoniae. Recently, Méric and coworkers43 studied 
the evolution and genomic flow between two species that 
share the same niche: S. aureus and Staphylococcus epi-
dermidis. These species are indeed both common com-
mensals on the human skin and in the nasal pharynx. The 
authors selected and sequenced 324 isolates from archives 
and databases, in order to represent the global diversity 
of the two species, choosing among different genomic 
variants, location and sources of isolation. Shared genes 
and alleles were searched between each pair of isolates, 
and the two species resulted to share a maximum of nine 
core genome alleles between them, thus suggesting that 
genomic recombination is very rare between individu-
als of the two species. On the contrary, mobile elements 
were highly shared, in particular genes associated with 

in the period 1905–2014, from 63 countries spanning 6 
continents. Whilst the most ancient isolate included in 
the study was collected in 1905, the first S. Typhi H58 
isolate was from 1992, indicating a very recent origin of 
this lineage. Since 1992, the H58 haplotype represents 
~40% of all the isolates collected each year, a remarkable 
explosive diffusion. Indeed, H58 genomes differ by a mean 
of only six SNPs, with 93% of them having less than five 
isolate-specific SNPs. These data show that H58 isolates 
are very closely related, consistent with the hypothesis of 
an impressive recent clonal expansion. It must be noted 
that the number of isolates obtained before 1992 is limited 
(n = 50), and this may skew the perception of the H58 dif-
fusion, nevertheless the result is remarkable. The authors 
then inferred the date of the H58 origin to be between 1985 
and 1992. After 1993, they observed a drastic increase 
of the H58 effective population size. Furthermore, on 
the basis of the phylogenetic reconstruction, the authors 
traced the major geographical transfers of the S. Typhi 
H58 haplotype: the strain originated in India, and through 
independent events reached Southeast Asia, Fuji, Western 
Asia, East Africa and Malawi. In Africa, it then invaded 
Malawi a second time through East Africa and then dif-
fused from Malawi to South Africa.

Novel insights into the genomic evolution of 
Staphylococcus aureus
Staphylococcus aureus is among the most important anti-
biotic-resistant pathogens worldwide. Methicillin-resistant 
strains (MRSA), in particular, are spread in all continents 
and can be up to 70% of all S. aureus isolates in the most 
affected countries.32 The first report of MRSA was an hos-
pital-acquired infection in 1960,33 but the pathogen has 
since then developed endemic status and can be transmit-
ted outside of the nosocomial environment (the first cases 
were reported in the mid-1990).34 The terms HA-MRSA 
(health care-associated MRSA) and CA-MRSA (commu-
nity-associated MRSA) reflect this distinction. And if this 
was not enough, LA-MRSA (livestock-associated) is the 
zoonotic variant, which is common in farms.35 Resistance 
to methicillin is encoded in the staphylococcal cassette 
chromosome mec (SCCmec) which contains the mecA 
gene. Several variants of the cassette have been discovered 
and found to be able to transmit and move between strains. 
The spread of MRSA strains has been the focus of a num-
ber of high-profile studies that used genomic approaches to 
investigate their diffusion and evolution, starting from the 
pioneering study of Harris,36 already discussed in previous 
reviews (e.g. 37).

Holden and colleagues38 used genomics to reconstruct 
the evolution of EMRSA-15, a strain belonging to sequence 
type 22, which is considered the most rapidly spreading 
and tenacious S. aureus in Europe, currently invading other 
continents. Genomes were obtained from 193 ST22 strains 
of S. aureus isolated from 1990 to 2009 and a SNP-based 
phylogeny was reconstructed. A molecular clock analysis 
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outbreaks.49 The whole family, considered the predominant 
genotype in East Asia and still currently spreading, can be 
accounted for more than a quarter of the total tuberculosis 
cases worldwide. Despite previous epidemiology studies 
showed high genetic similarity even among strains isolated 
in different geographic areas,49 pathobiological character-
istics appeared heterogeneous.50 The increasing availabil-
ity of standard genotyping leads to the identification of 
several Beijing sublineages.51 This approach, however, 
proved itself limited for fully understanding the diversity 
of this family due to the insufficient amount of nucleotide 
variation detected by this technique. Once again, genomic 
epidemiology can come to our rescue.

Given the relevance of this family for public health 
globally, several studies focused on reconstructing the 
origin and spread of M. tuberculosis Beijing strains.52−56 
Merker et al.57 focused on the biogeographical structure 
of strains belonging to the Beijing family, with a in-depth 
analysis on the association between sublineages and anti-
biotic resistance. The authors assembled a huge data set, 
comprising almost five thousand genotyped isolates plus 
110 whole-genome sequences, the biggest and broadest 
collection of Beijing family strains to date, both in terms 
of sheer size and variety of geographical origins. Initially, 
a minimum-spanning tree (MStree) was constructed using 
genotyping data, grouping the genomic diversity into 6 
major clonal complexes (CCs) and 3 distant branches 
which were collectively designated as basal sublineage 7 
(BL7). CC1 through CC5 were classified as typical/mod-
ern Beijing while CC6 and BL7 comprised typical ances-
tral Beijing variants. The shape of the Mstree and the mean 
allelic richness confirmed this hypothesis, suggesting that 
CC1, CC2 and CC5 are in a state of population expansion, 
while CC6 and BL7 are more ancient and/or in a situation 
of milder expansion.

The authors then used the information for all the five 
thousand genotyped isolates to estimate past expansions 
and time to the most recent common ancestor (TMRCA). 
CC6 and BL7 were confirmed once again as the oldest 
sublineages with, respectively, a TMRCA of ~6,000 
and 5,000 years, while CC5 resulted the youngest with 
a TMRCA of ~1500 years. For all sublineages, an esti-
mate of the time elapsed since the beginning of the latest 
expansion was computed. This analysis showed a much 
recent timeframe, roughly 200 years ago, for CC1, CC2 
and CC5, compared to the estimate detected for the more 
ancient lineanges, CC6 and BL7, which dated back to the 
middle age. Once again, genome information, available 
for 110 isolates, made it possible to obtain a more sensi-
tive estimate of population changes in the recent past, by 
means of a Bayesian skyline plot. Two significant popula-
tion growth phases were detected in conjunction with the 
Industrial Revolution and the First World War. The only 
decrease in population size was observed contemporary 
with the spreading of anti-tuberculosis drug usage, while 

the SaPIn1 pathogenicity island, metal detoxification and 
the methicillin-resistance island SCCmec. The authors use 
these interesting results to discuss the concept of evolu-
tion in relation with the host as a niche, that is two strains 
or species that share the same host, also share the same 
selective pressure. Recombination can be driven by direct 
contact between donor and receiver, but also by evolu-
tion of niches, as genomic material can be shared in these 
enclosed environments.

In this review, we report multiple examples of how 
exchange of genomic material can involve the accessory 
parts of the genomes, but also homologous recombinations 
in core genome loci. The latter is a common thread in 
global genomic epidemiology as it is commonly found in 
most bacterial species involved in nosocomial infections. 
This was recently pointed out by Croucher and Klugman44 
who observed that large recombinations (even bigger than 
one megabase) seem to be an evolutive weapon that patho-
gens use to rapidly gain fitness and survive in the hospital 
environment. The two authors compare recombined bacte-
ria to the ‘hopeful monsters’ of the Cambrian period, citing 
the use by Stephen Gould of the term introduced earlier 
by Richard Goldschmidt.45 The presence of recombina-
tions should be taken into account because they need to 
be removed from the genomic alignment in order to obtain 
resolved and correct phylogenies, which represent the real 
evolutive history of the pathogen.

Historical Perspectives
Mycobacterium tuberculosis through history
Mycobacterium tuberculosis is an obligate aerobic path-
ogenic bacterium and the causative agent of tuberculosis 
(TB).46 The presence of mycolitic acids in M. tuberculosis 
coating confers the bacterium resistance to weak disinfect-
ants and dehydration and prevents the effective activity of 
hydrophobic antibiotics. Additionally, it allows the bacte-
rium to grow inside of macrophages, effectively hiding it 
from the host’s immune system.47 All these characteristics 
contribute to the ease with which it is transmitted, despite 
its extremely slow replication time compared to other bac-
teria. Tuberculosis is a disease that accompanied human 
populations since antiquity, it has been prevalent world-
wide and, if left untreated, causes death in 50% of cases. In 
the last two centuries, progress has been made both in diag-
nosis and treatment with the advent of screening programs, 
antibiotics and vaccines, relegating the emergency to third 
world countries. Nevertheless, deaths are increasing after 
an almost 40 years decline,46 and the emergence of multi-
ple antibiotic-resistant strains48 makes M. tuberculosis one 
of the most important re-emerging bacterial pathogens to 
date, and the leading bacterial killer worldwide with 1.3 
million deaths a year. The so called M. tuberculosis Beijing 
family is a heterogeneous group of strains, among which 
hypervirulent subtypes stand out, equipped with multi-
ple antibiotic resistances and the ability to cause disease 
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what concerns the Americas, given that strains currently 
present in the area are closely related to the European 
ones, the consensus is that the pathogen was brought by 
colonizers and settlers after the Columbian discovery.63 
This, however, is not consistent with several evidences of 
skeletal samples dated before 1492 with obvious signs of 
the disease. If tubercolosis was not brought on caravels, 
who or what carried it to the New World? And how can 
we explain the genomic similarity between American and 
European strains of M. tuberculosis? Bos et al.64 try to 
give us an answer.

Progresses in protocols for isolation of ancient DNA 
made it possible to collect three M. tubercolosis genomes 
from skeletal samples with signs of tuberculosis infection 
collected in Peru and dated back to roughly one thousand 
years ago. They completed a the data set by adding 259 
modern M. tuberculosis complex (MTBC) genomes, 14 
animal isolates and an additional ancient genome origi-
nated from an eighteen century Hungarian mummy. An 
alignment of 22,480 variable positions was the input for 
a phylogenetic analysis. The resulting tree came with a 
surprise: the ancient Peruvian samples did not cluster 
with other human isolates; they were closer to the ani-
mal strains, in particular to the modern Mycobacterium  
pinnipedii sample. As the latin suggests, M. pinnipedii has 
been isolated from seals and sea lions. Bayesian dating 
analysis, using radiocarbon dates as tip calibration, was 
implemented for dating the most recent common ances-
tor (MRCA). Using a relaxed molecular clock model, 
the MRCA was dated between 4000 and 4500 years ago. 
Since the Bering land bridge closed some 15,000 years 
ago, 10000 years before the estimated time of the MRCA, 
the researchers discarded a human migration hypothesis 
for the appearance of TB in the New World. The remain-
ing, unexpected hypothesis is the amphibious one: seals 
contracted the disease on the coasts of Africa and carried 
it to South America where populations living in the sea-
side contracted by exploiting the marine mammals. This 
is consistent with similar cases in literature for other path-
ogens.65 The later eradication of this strain and the almost 
total substitution with European-like lineages could be 
accounted by a spread-after-contact of the latter following 
favourable conditions.66

Conclusions: From Epidemiology to Diagnostics
The examples presented here testify how the use of genome 
sequencing in bacteriology for epidemiological purposes 
is now widespread. Favoured by the wealth of data that 
are being generated and by the continued advances in 
sequencing technologies, the next step will be to branch 
into microbiological diagnostics.67−69 Efforts are being 
made in multiple directions, two of the most promising 
being direct sequencing from clinical samples and the use 
of genomic data to predict phenotypic characteristics.

The utility of direct sequencing of clinical samples for 
diagnosis purposes is obvious, and particularly important 

a slight expansion coincides with the advent of the HIV 
epidemics and the first tuberculosis outbreaks in the former 
Soviet Union and the United States in the 1990s. A subset 
of roughly one thousand clinical isolates with known drug 
resistance profiles was analysed to shed light on possi-
ble association between the identified CCs and antibiotic 
resistance, resulting in CC2 having the highest proportions 
of MDR strains. It is important to note that CC1, while 
having a similar proportion of MDR strains to the ancient 
lineages, showed a high clustering rate (95%) meaning that 
almost all isolates shared a single resistant haplotype, in 
contrast with CC6 and BL7 (42% and 57%, respectively). 
Additionally, strains from CC1 (central Asian outbreak) 
and CC2 (Russian-European outbreak) showed a higher 
similarity between them than with other clonal complexes, 
supporting the MDR outbreak hypothesis and a recent spe-
cific expansion of these two clonal complexes.

It is interesting to note that M. tuberculosis population 
growths are closely related to historical events and human 
migrations. Genotype data allowed to estimate the start 
of the last expansion events for the recent sublineages to 
200–250 years ago, roughly around the time of the indus-
trial revolution and matching known episodes of Chinese 
immigration towards Pacific islands, Americas and Russia. 
It is both interesting and not surprising that Beijing family 
strains experienced increases in population size in con-
junction with the Industrial revolution and with the First 
World War. This is consistent both with Chinese immigra-
tion episodes, as noted above, and with the deprivations 
caused by war conditions and the co-mortality due to the 
influenza pandemics of that time.58 The only decrease in 
population size detected coincides with the advent of anti-
biotics and mass vaccinations around the 1960s. It has to 
be kept in mind that the expansion of the two sublineages 
more associated with antibiotic resistance, CC1 and CC2, 
predates this event. This indicates that MDR is not the 
reason of the success of these clonal complexes but just 
the consequence of public health policies implemented on 
an already growing bacterial population. Finally, the most 
recent increasing trend is consistent with the onset of the 
global HIV epidemic and follows it closely.

The strange case of the amphibious 
Mycobacterium
Albeit recent studies such as the one described above are 
shedding light in the history of M. tuberculosis, there are 
still plenty of dark patches that need to be illuminated. It 
is clear that the co-evolution of the bacterium with humans 
started with the shift from the hunter/gatherer behaviour to 
the onset of agriculture and animal husbandry, especially 
cattle.59 Until recent years, the most accredited theory had 
a zoonotic transfer of Mycobacterium bovis following ani-
mal domestication during the Neolithic.60 However, recent 
comparative genomic analyses lean towards the opposite 
theory. That is, strains adapted to bovines and other ani-
mals may have originated from human strains.61,62 For 
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for bacteria that are difficult, slow or impossible to culture. 
A possible approach, when investigating a single patho-
gen, is the use of specific baits to sequence the target bac-
terium starting from a mixed clinical sample, an approach 
that was used for example to detect M. tubercolosis from 
sputum.70 In many clinical cases, it is, however, impossible 
to know a priori which bacterium is causing a pathological 
state. In these situations, a whole metagenomic sequenc-
ing approach could allow to identify the causative agent/s 
quickly and without bias. Ad-hoc bioinformatic methods 
are being developed to tackle the problematic issue of 
analysing the complex metagenomes that can be obtained 
from clinical samples, with the goal of correctly sorting 
and identifying bacterial populations.71−73

Some phenotypic characteristics of a pathogen can be 
readily inferred from its genome sequence. This is the 
case for example of antibiotic resistance traits that are 
determined by the acquisition of one single gene. Many 
other phenotypes are, however, multi-factorial, making 
such correlations more complex. These difficulties have 
not discouraged pioneering projects that use genome-wide 
association studies to link genotype to phenotype, in an 
effort to obtain diagnostic informations from the now 
quick and cheap whole-genome sequences. Laabei and 
colleagues74 applied such an approach to MRSA, develop-
ing a model that can predict with a high degree of accuracy 
the toxicity of an isolate based on the sequence of signature 
sites. Another study integrated a genomic approach with 
gene expression analysis, performed with RNA-seq, to 
determine antibiotic resistance profiles in E. coli.75 These 
are not the only examples, as other approaches are being 
tried and validated on multiple pathogens.76,77

Multiple issues will need to be addressed to allow 
the transition from genomic epidemiology to genomic 
diagnostics in bacteriology, and one that needs the most 
concerted effort is standardization of genomes, related 
metadata and bioinformatic analysis. Indeed, the full 
potentiality of genomics will only be exploited in clinical 
microbiology when all the wealth of data generated world-
wide will be fully compatible, allowing real time evalu-
ation and comparison of the characteristics of sequenced 
isolates, in a single global database. This will in turn 
allow to fully correlate genotype with phenotype, to opti-
mize diagnostic and therapeutic approaches and to mon-
itor movement of dangerous strains worldwide. Efforts 
towards this goal are already being made from the setting 
of standards for genome qualities78 to the establishment 
of platforms using standarized bioinformatic protocols for 
genome analyses.79,80

It is only fitting to conclude this review how it started: 
Next-generation sequencing is revolutionizing bacteriol-
ogy… and the best is yet to come.
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