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Introduction
Airline travel has fueled the spread of bacterial pathogens, escalating 
disease outbreaks beyond their initial sites of origin with alarming 
speed. Current molecular typing technologies enable scientists to 
identify pathogens during these outbreaks and provide a good overall 
characterization of bacterial genomes as they evolve over time. Yet, 
they have limited utility to track bacterial evolution during a disease 
outbreak, providing little insight into the genomic differences between 
bacterial isolates that cause one to be more virulent than another. 

Scientists and clinicians have been frustrated by the lack of genomic 
detail provided by these approaches and their resulting inability to 
detect emerging clones and better manage the spread of bacterial 
diseases. Stephen Bentley, Ph.D. and a team of scientists at the 
Sanger Institute decided to test the use of next-generation sequencing 
as a molecular typing platform to see if it could provide greater insight 
into the micro-evolutionary changes occurring in the bacterial genome. 
Their ultimate goal is to create a database with enough genomic clarity 
to be useful to clinicians and epidemiologists during local outbreaks 
and pandemics.

Current Molecular Typing Technologies Fall Short

Scientists have been working towards this goal for several years, lever-
aging the latest in sequencing-based molecular typing approaches to 
create a large searchable database of the most clinically relevant bacterial 
species. The gold standard approach has been multilocus sequence 
typing (MLST), which characterizes bacterial isolates by amplifying seven 
housekeeping genes using PCR, sequencing those genes, and using 
that data to draw phylogenies that differentiate the isolates from one 
another. While MLST can define variation within a very small sample of the 
genome, it cannot distinguish between closely related isolates. 

To enable the location and comparison of key genes across multiple 
isolate genomes within a species, scientists have used capillary sequenc-
ing to perform full-genome sequencing of bacterial isolates. However, it 
is expensive and time consuming – two factors that limit its utility for real-
time tracking of bacterial outbreaks. 

To overcome these limitations, Dr. Bentley and his team investigated the 
use of next-generation sequencing to cost-effectively create a global 
database that captured the tagged loci of today’s molecular typing 
methods, while incorporating high-resolution genomic data to distinguish 
between closely related isolates. “Once indexing became available on 
Illumina’s Genome Analyzer the project became possible,” Dr. Bentley 
said. “Multiplexing on the Genome Analyzer meant that we could actually 
compare multiple genomes within a species in large enough numbers that 
we could take an epidemiologically relevant sample size and be able to 
sequence all of those very quickly.” 

Dr. Stephen Bentley is a senior scientist at The Wellcome Trust 
Sanger Institute. 

Whole-Genome Sequencing of MRSA

Dr. Bentley chose to conduct the initial research project with health care-
associated, methicillin-resistant Staphylococcus aureus (HA-MRSA), a 
pathogen that first appeared in 1981 and has been growing in prevalence 
worldwide, particularly in hospital environments1. Current typing methods 
resolve the majority of HA-MRSA isolates into a small number of widely 
disseminated clonal lineages. The team chose a dominant strain, defined 
by MLST as sequence type 239 (ST239), which is resistant to mutliple 
antibiotics and accounts for at least 90% of the HA-MRSA outbreaks 
throughout China, Thailand, Turkey, and mainland Asia. It has also been 
detected in South America and is currently circulating in Eastern Europe. 
Current typing methods have provided little discriminatory power for 
subtyping ST239 isolates within a given region because single variants 
that undergo clonal expansion can dominate in hospitals throughout a 
large geographic area.

The team obtained 63 different ST239 isolates exhibiting the global 
and temporal coverage to test the ability of the Genome Analyzer to 
function as a higher resolution molecular typing platform. The first 
sample group of 43 isolates was from a global collection accumulated 
over decades, with the earliest sample taken in 1982. This enabled the 
group to look at ST239 evolution over 20 years as it spread around the 
globe and acquired antibiotic resistance. One of these isolates (TW20) 
was sequenced to completion to provide a reference for analysis. The 
remaining 20 samples came from a single hospital in Thailand and were 
collected over a seven month period from a number of different wards, 
providing the opportunity to look at differences between organisms in a 
very short period of time. 

Bringing Infectious Disease Outbreaks into Focus 
using Whole-Genome Sequencing
Illumina’s Genome Analyzer is shedding light on the genomic differences between bacterial isolates, 
enabling the creation of a pathogen database that will allow scientists to better track disease outbreaks.
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The whole-genome sequence data generated on three separate runs pro-
vided an average of 2.2 million reads (80 Mbp) per isolate. Each read was 
then mapped to the TW20 reference genome, giving an average of 23X 
depth of coverage (two runs) for more than 92.1% of the reference ge-
nome. “The sequencing was done over the span of several weeks, which 
is a rapid turnaround for such a large-scale project,” Dr. Bentley added. 
“Without the speed of the Genome Analyzer and its ability to multiplex, it 
would have taken years.”

A total of 6,714 sites were found to contain a high-quality SNP in at least 
one of the mapped isolates, but they were not evenly distributed across 
the genome. As with all bacteria, S. aureus possesses a compound 
genome made up of two parts, the core and the accessory. While the 
core genome of S. aureus is stable, the accessory genome includes 
regions that are horizontally acquired from other strains within the species 
and even other species, and is therefore inherently more diverse. To refine 
the SNP list to include only those SNPs that resided on the core genome, 
the team defined the core variable sites as those which were present in all 
members of the sample. This reduced the SNP list to 4,310. 

Results Yield Clear Phylogeny of MRSA Samples

Using this refined SNP data, phylogenic trees were generated, providing 
a precise representation of how the ST239 clone evolved. “We were sur-
prised and very pleased with these results,” said Dr. Bentley. “In the past 
when SNP typing was done, you might have seen some geographical 
structuring of the data, but it was not nearly as clear as what we saw in 
this research. By using whole-genome information, rather than a panel 
of SNPs, we could track intercontinental transmissions.”

For example, there were two European isolates that clustered within 
the Thai group, one previously identified in Denmark and the other 
from a large two-year outbreak at a London hospital. Records for the 
Danish isolate indicated that the patient was Thai, consistent with its 
position on the tree. The position of the other isolate may be explained 
by a single intercontinental transmission event, most likely from 
Southeast Asia, that sparked the London outbreak. 

“Whole-genome sequencing also provided us with clarity regard-
ing the mutations that were occurring in response to antibiotic 
drugs,” Dr. Bentley said. “While it made sense that the pathogen was 
responding to human clinical practices, it was remarkable to be able to 
see that this was going on actively. Rather than the progenitor of the 
clone possessing resistance and all of its descendents having exactly 
the same mutation, we could see that the same mutations arose at 
different time periods, in different locations around the world.”

The team also saw evidence of convergent evolution or homopla-
sies that linked with no known mutations. These mutations might be 
in response to clinical practice and could identify bacterial survival 
mechanisms that are not yet understood. “Out of the 38 cases of 
homoplasy that we saw, 11 were variations that had already been 
shown to be associated with antibiotic resistance,” Dr. Bentley added. 
“So the question is, what about the others? In one instance, there was 
a group of SNPs that were upstream of a gene cluster encoding for a 
manganese transport system. There has been some evidence in the 
literature about the importance of manganese in the ability to colonize 
on mucosal surfaces. That might explain why HA-MRSA thrives in 
hospital environments.”

Developing a New Bacterial Pathogen Database 

Dr. Bentley and his team have moved on to the next phase of the 
project and are using the Genome Analyzer to assemble a large da-
tabase of whole-genome information for many major bacterial human 
disease pathogens. This will include loci which cover the current typing 
schemes to align the data with these typing standards, albeit at much 
higher resolution. “We’ll also be capturing virulence factors and antimi-
crobial loci,” Dr. Bentley said. “We’ll be able to quickly sequence new 
strains and compare them to this database. Based on how they match 
up, we can determine which pathogen it is, what virulence factors it 
has, how invasive it is, how likely it is to cause severe disease, and 
what are its antimicrobial resistances.”

The ability to use next-generation sequencing platforms to quickly 
and inexpensively sequence multiple genomes will empower the use 
of whole-genome sequencing to perform real-time bacterial pathogen 
tracking of hospital transmission and intercontinental spread. In the 
middle of an outbreak, whether hospital-contained or globally wide-

spread, speed will be of the essence. “We have already demonstrated 
proof-of-principle that we can use whole-genome sequencing to 
map transmission chains in a hospital environment. For the samples 
collected from the hospital in Thailand, two were taken 14 days apart 
and were clearly related. The interpretation was that these had been 
transmitted from one person to another within that ward. Even though 
the two samples were taken only 14 days apart, we could differentiate 
them by six SNPs. So those SNPs had been generated just by muta-
tion over that period of time. Once we have this type of information 
in real time, we can inform clinical interventions to reduce that kind of 
transmission.”

The availability of the Genome Analyzer and the HiSeq™ 2000 for this 
type of analysis and the ability to multiplex whole genomes will enable 
more samples per experiment to yield statistically robust data. “For 
example, we can look at what happens during a chronic infection, 
such as when someone is infected with tuberculosis,” Dr. Bentley said. 
“We’ll be able to take samples over a long time period and sequence 
each one to see how the organism is changing. We could sequence 
bacterial isolate transcriptomes as well. With the cost of sequencing 
becoming lower, the challenge for scientists will be to spot innovative 
uses of the technology that will benefit health care.”

“Multiplexing on the Genome 
Analyzer meant that we could 
compare multiple genomes 
within a species in large enough 
numbers that we could take an 
epidemiologically relevant sample 
size and be able to sequence all 
those very quickly.”
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