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Step I: White Paper Application 
 
 
 

Application Guidelines 
 

1. The application should be submitted electronically per requirements via the web site of any of the 
NIAID Genome Sequencing Centers for Infectious Diseases. Include all attachments, if any, to the 
application.  

2. There are no submission deadlines; white papers can be submitted at anytime. 
3. GSC personnel at any of the three Centers can assist / guide you in preparing the white paper.  
4. Investigators can expect to receive a response within 4-6 weeks after submission. 
5. Upon approval of the white paper, the NIAID Project Officer will assign the project to a NIAID GSC 

to develop a management plan in conjunction with the participating scientists. 
 
 
 
 

 
 

 



Genomic Sequencing Centers for Infectious Diseases: White Paper Form 2 

White Paper Application 
 

    Project Title: Whole Genome Sequence Analysis of Pseudomonas aeruginosa Clinical Isolates 
 
Authors: Cristina Penaranda, Lisa Cosimi, Brad Poulsen, Deborah Hung 
Primary Investigator Contact: 

Name Deborah Hung 
Position Director of the Infection Disease Program  
Institution The Broad Institute 
Address 7 Cambridge Center 
State MA 
ZIP Code 02142 
Telephone 617-714-7090 
Fax 617-714-8967 
E-Mail dhung@broadinstitute.org 

   
1. Executive Summary (Please limit to 500 words.) 
 

Chronic bacterial infections pose significant public health problems and contribute to 
the rise and spread of mutli-drug resistant strains, leading to an even higher burden on 
the health care system.  The majority of antibiotics currently used were developed 
decades ago, and although they have been indispensable for the treatment of many 
infectious diseases, antibiotic resistance has arisen to nearly all of them. In particular, 
Pseudomonas aeruginosa is an important clinical pathogen that can colonize or infect 
multiple tissues or organs, and for which there is significant antibiotic resistance.  
 
Our understanding of the pathogenesis of P. aeruginosa comes from studies of only a 
small number of laboratory adapted strains, and although this approach has provided a 
great deal of knowledge, it has not provided significant insight into better ways to 
effectively treat P. aeruginosa infections. Advances in high throughput genomic 
sequencing along with analysis of infection models present us with the opportunity to 
correlate specific genotypes to phenotypic differences and thus, to better understand 
and properly treat infections.  
 
Comparative genomics of different strains of the same species can provide insights into 
the loss or gain of genes through horizontal gene transfer as well as the evolution of 
genes through changes at the nucleotide level. By analyzing the genomic content of 
subsets of strains, we may better understand their ability to cause disease. Strains can 
be subgrouped based on whether they cause chronic versus acute disease (which likely 
has a genetic basis), or based on their anatomic location in the host (which may or may 
not have a genetic association). Comparing the genomes of strains that cause acute 
versus chronic infection may allow us to uncover mechanisms used by the bacteria to 
cause the specific type of infection. For example, strains that cause chronic infections 
may encode certain proteins or upregulate certain transcriptional programs that allow 
them to evade host immune responses and persist within the organism. Furthermore, 
comparison of strains isolated from various anatomic locations (i.e. urinary tract, ocular 
or blood isolates) may reveal genes that are responsible for niche tropism or adaptation. 
Finally, genomic analysis of clinical isolates, whether acute or chronic, may provide 
information on novel mechanisms of antibiotic resistance. 
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2. Justification 
 

Pseudomonas aeruginosa is a Gram-negative bacterium ubiquitously found in nature 
that can infect diverse hosts such as mammals, plants and fish. In humans, it is 
considered an opportunistic pathogen with the unique ability to cause both acute and 
chronic infections at mucosal surfaces such as urinary and respiratory tracts, skin and 
eyes. It is one of the leading causes of nosocomial infections due to epithelial barrier 
damage and/or an immunocompromised state and a major pathogen of cystic fibrosis 
patients.  
 
Compared to other bacteria, P. aeruginosa has a relatively large genome (5-7Mb), 
which may explain its ability to adapt to and colonize a wide range of environments 
[1].  Because bacterial genomes are less conserved than human genomes, comparative 
whole-genome analysis can provide insights into complex biology such as niche 
specification and pathogenicity. Wolfgang et al [2] used a whole genome microarray to 
compare 18 strains (12 clinical isolates and 4 environmental isolates) to the lab strain 
PAO1 as reference strain and found a high degree of conservation across the genomes. 
However, this approach could not determine chromosomal rearrangement, whether or 
not the genes are functional or if new genes not found in PAO1 are found in any of the 
other strains. Therefore, whole genome sequencing would provide more information 
about the genetic content of these strains.  Mathee et al [3] recently compared the 
genomes of PA14, PAO1 (both lab adapted strains originally isolated from burn 
wounds), PACS2, 2192 (both isolated from the sputum of cystic fibrosis patients [4]) 
and C3719 (the Manchester epidemic strain found in hospitalized cystic fibrosis 
patients [5]). In agreement with the previous study, they found a large portion of the 
genome that was conserved. By aligning the various genomes, the authors found 
dispersed polymorphic strain-specific segments, termed regions of genomic plasticity 
(RGPs). A total of 52 RGPs, which included any region of at least four contiguous 
ORFs that are missing in at least one of the genomes, were identified. This level of 
diversity suggests that RPGs may be the source of specialized functions necessary for 
survival in particular environmental niche and underscores the value of comparative 
whole genome sequencing. However, beyond the static genome and gene content, 
strains may also exhibit altered regulation of conserved genes, thus accounting for 
phenotypic variation. 
 
We have developed an in vitro infection model that allows us to study host-pathogen 
interactions. Using a bladder epithelium cell line as the host, we find that some strains 
of P. aeruginosa quickly lyse the host cell (“killers”) while others are non-lytic and 
instead are able to enter and survive within the host cell (“persisters”) in an antibiotic 
tolerant state. This is a tractable model to study genetic determinants of host-pathogen 
interactions and, importantly, can be adapted to high-throughput methods to analyze a 
large number of strains and identify genotype-phenotype correlations of infection. We 
propose to sequence a set of 100 P. aeruginosa clinical isolates from blood, urine, 
ocular, or sputum (acute pneumonia, not chronic CF infection) and perform high-
throughput phenotypic analysis of these strains based on killing, antibiotic tolerance, 
and persistence.  Based on phenotype, the strains will be placed into classes for 
genotypic analysis of signals that may contribute to their phenotype. Furthermore, we 
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will integrate this analysis with correlative data obtained by selecting specific strains 
from the different classes for expression profiling by RNAsequencing under certain 
relevant conditions, and functional data obtained by performing screens of 
comprehensive libraries of selected strains which have undergone systematic 
transposon mutagenesis to find genes involved in the killing, antibiotic tolerance and 
persistence phenotypes.  (These latter studies will be performed as a combination of 
pooled Tnseq experiments or individual screening of arrayed libraries, as allowed by 
the given phenotype.)  We believe that combining the phenotypic studies with the three 
types of genomic analyses (whole genome sequencing, RNAseq, Tnseq or screening of 
arrayed mutagenized libraries) will provide significant insight into the genetic basis for 
P. aeruginosa infection and its ability to persist in chronic versus acute states. 
 
A limited number of P. aeruginosa isolates have been sequenced to date. Eleven strains 
have had their complete genome sequenced, 11 strains have draft genomes and 16 
strains have genomes whose sequencing is in progress. Some of these strains (1/11 
completed, 1/11 draft, 3/16 in progress) do not specify the source from which they were 
isolated. Of the ones that do specify the source, a large portion are cystic fibrosis 
isolates (5/11 completed, 5/11 draft, 5/15 in progress) which are associated with 
changes required for chronic pulmonary infection, although there are some 
environmental (6/38) isolates, three from outer ear infections, one blood isolate and one 
UTI. Therefore, there is a lack of genomic sequences of P. aeruginosa isolates from 
non-cystic fibrosis infections. The study of non-CF isolates will give insights into 
bacterial adaptations that are necessary for in vivo survival in acute infection and may 
uncover genes responsible for pathogenicity that have been previously unidentified.  
 

 
   
3. Rationale for Strain Selection 

 
Our goal is to find genes that confer host adaptation. Therefore, we will focus on 
clinical isolates rather than laboratory adapted strains. Specifically, we will obtain 
strains isolated from urinary tract, ocular, blood, or sputum (pulmonary) infections, 
rather than cystic fibrosis isolates, as the latter are likely to be mucoid and adapted to 
extracellular survival in biofilms during chronic infection where they can more easily 
evade host defenses.  We will sequence a total of 100 strains: 25 isolated from urinary 
tract infections, 25 from blood, 25 from ocular infections and 25 others (environmental 
or pneumonic).  

       
 
  4a. Approach to Data Production: Data Generation 

 
Since we wish to identify the gain of genetic elements that are associated with chronic 
versus acute infections and host adaptation, we will generate draft de novo genome 
sequences for all proposed strains using the Illumina HiSeq platform. Many of these 
genetic elements contain multiple repetitive regions, such as transposable elements, 
making assembly and localization of these genes difficult. To overcome this problem, 
we will use large jumping library insert sizes (~3-7 kb), which will enable us to 
scaffold over the repeated elements.  If a novel plasmid or strain of clinical importance 
is discovered, we might undertake additional improvement efforts if needed using 
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additional sequencing technology platforms or manually directed finishing. 
 
In addition, based on initial studies of genomes and phenotypes, we will select ~20 
strains under several conditions for RNAseq analysis.  In addition, ~20 strains will be 
selected for Tnseq analysis. 

 
   
4b. Approach to Data Production: Data Analysis 

 
From whole genome sequencing, we will look for the potential genetic basis for 
phenotypes including new genes in the chromosome or on plasmids or altered copy 
numbers of genes.  From RNAseq data, we will look for altered regulation of genes, and 
from Tnseq data, we will look for genes which when disrupted, result in a change of 
phenotype. 

 
With the data generated in this project, we will specifically address the following 
phenotypes: 
 

1. Novel virulence factors. P. aeruginosa uses a wide range of virulence determinants 
to establish infections [6]. We will determine whether any of the clinial strains 
encode novel virulence factors, such as type-III effector proteins or two component 
systems. In particular, our in vitro infection model will allow us to study their role 
in killing of host epithelial cells. 
 

2. Mechanisms of persistance. Although P. aeruginosa has been traditionally 
considered an extracellar pathogen, there is increasing evidence that bacteria can 
enter epithelial cells and persist for long periods of time [7, 8], potentially giving 
rise to recurrent, antibiotic resistant infections. We will investigate mechanims 
responsible for intracellular persistance by correlating the ability of the strains to 
survive intracellulary in our in vitro infection model to genomic sequences present 
in those strains and absent in strains that do not establish an lasting intracellular 
infection. 

 
   
5. Community Support and Collaborator Roles:  

 
Collaborators on the current project include: 
 
Andrew Onderdonk is Professor of Pathology at Harvard Medical School and the 
Director of Clinical Microbiology at Brigham and Women’s Hospital. Dr. Onderdonk 
will provide strains for this study. 
 
Michael Gilmore is Professor of Ophthalmology at Mass Eye and Ear Infirmary. Dr. 
Gilmore will provide strains for this study.  
 
Mary Jane Ferraro is the director of the Microbiology Laboratories at Massachusetts 
General Hospital and Professor of Pathology and Medicine at Harvard Medical School. 
Dr. Ferraro will provide strains for this study. 
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Wolfgang Haas is a researcher at Bausch & Lomb Incorporated. Dr. Hass will provide 
~25 samples from ocular infections. About half of the samples were collected from 
patients with bacterial conjunctivitis as part of their clinical trials. The other half of the 
samples was collected as part of the Antibiotic Resistance Monitoring in Ocular 
micRorganisms study (ARMOR) that collects isolates from all types of eye infection, 
except endophthalmitis. 
 
Additional members of the team may be added during the course of the work with the 
general agreement of the current membership. 

 
   

6. Availability & Information of Strains: 
 
We have the following strains first described by the Lory lab [2] and subsequently 
analyzed by the Ausubel lab [9].  These are currently in the public domain and have 
been previously published:  
UTI: UDL, S54485, JJ692, X24509 
Blood: S35004, X13273 
Ocular: 19660, 6077 
Enviromental: MSH3, MSH10, 62, E2 

 
We will obtain the remainder of the strains through Bausch and Lomb (provided by Dr. 
Wolfgang Haas), Massachusetts General Hospital (collected by Dr. Mary Jane 
Ferraro), and the Brigham and Women’s Hospital (collected by Dr. Andy Onderdonk). 
 
DNA will be isolated in the Hung laboratory.  

 
For newly collected strains we will provide the following metadata: 
Hospital and Ward 
Date of isolation 
Specimen type (tissue or fluid type) 
Pediatric vs adult 
Antibiotic susceptibility (if available) 
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  7. Compliance Requirements: 
  7a. Review NIAID’s Reagent, Data & Software Release Policy: 
NIAID supports rapid data and reagent release to the scientific community for all sequencing and 
genotyping projects funded by NIAID GSC.  It is expected that projects will adhere to the data and 
reagent release policy described in the following web sites. 
  http://www3.niaid.nih.gov/LabsAndResources/resources/mscs/data.htm   
  http://grants.nih.gov/grants/guide/notice-files/NOT-OD-08-013.html 
Once a white paper project is approved, NIAID GSC will develop with the collaborators a detailed data 
and reagent release plan to be reviewed and approved by NIAID.  
   
 Accept  Decline  
   
  7b. Public Access to Reagents, Data, Software and Other Materials:  

 
Collaborators have been notified that sequencing will not commence until strain 
deposition is underway at the NIAID funded BEI repository. All sequences and read files 
generated under this proposal will be submitted to the Short Read Archive at 
NCBI/NLM/NIH on a weekly basis. These data will also include information on 
templates, vectors, and quality values for each sequence. 
 
Genome assemblies will be made available via GenBank and the Broad web site. 
Assembled contigs and scaffolds will be deposited in the Whole Genome Shotgun 
(WGS) section of GenBank, http://www.ncbi.nlm.nih.gov/Genbank/wgs.html, within 45 
calendar days of completing assemblies. If it is determined that the final assembly can be 
significantly improved, an updated record will be deposited in the appropriate part of 
GenBank when complete. 
 
Annotation data will be made available via GenBank and the Broad website after 
consistency checks and quality control have been completed by the GSCID and 
collaborators. Assuming no significant errors are detected during the validation process, 
annotation data will be released within 45 calendar days of being generated. 
 
Candidate polymorphisms identified by comparison of new genome sequences to a 
reference will be deposited in dbSNP at NCBI and released through the Broad GSCID’s 
website within 45 days of data being generated. Prior to public release, polymorphisms 
will be made available to collaborating scientists for a one-week period for quality 
control purposes. Candidate polymorphisms will then be released barring any quality 
issues discovered in the QC process. 

 
 
7c. Research Compliance Requirements     

Upon project approval, NIAID review of relevant IRB/IACUC documentation is required prior to 
commencement of work. Please contact the GSC Principal Investigator(s) to ensure necessary 
documentation are filed for / made available for timely start of the project. 
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