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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 Genomic 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. 
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White Paper Application 
 

    Project Title: Sequencing of Plasmodium vivax clinical malaria samples using hybrid 
selection 

 
Authors: Jane Carlton, Ivo Mueller, Inoni Betuela, Daniel Neafsey 
 
Primary Investigator Contact: 

Name Jane Carlton 
Position Director of Genomics and Associate Professor of Parasitology 
Institution New York University, Langone Medical Center 
Address 341 E. 25th St., Room 215, New York 
State NY 
ZIP Code 10010 
Telephone 212-263-4377 
Fax 212-263-8116 
E-Mail jane.carlton@nyumc.org 

   
1. Executive Summary (Please limit to 500 words.) 
P. vivax is geographically the most widely distributed malaria parasite, causing seasonal 
infections of inhabitants in regions of North America and Europe as recently as the early 
1900s. Despite the fact that P. vivax causes an estimated 80-300 million clinical cases each 
year, it remains understudied relative to P. falciparum for several reasons, including a 
lower rate of mortality compared to that observed for P. falciparum in sub-Saharan Africa, 
and the inability to culture P. vivax parasites in vitro as is now commonly done for P. 
falciparum.  
 
Without culture-adapted lines available, genome sequencing projects for P. vivax have 
been hampered by the inability to easily procure large quantities of pure, host-free DNA as 
sequencing template. The current method for generating sequencing template requires 
infecting and bleeding splenectomized monkeys, a monumental effort that generates small 
quantities of parasite DNA and is not easily scalable. 
 
We propose to develop and test a novel approach for sequencing P. vivax parasites directly 
from clinical samples. Using a ‘hybrid selection’ technique originally developed at the 
Broad Institute for resequencing the human exome, we propose to generate long-oligo 
‘baits’ complementary to the fully sequenced P. vivax Salvador I reference genome, and to 
use RNA copies of these baits to selectively pull down parasite DNA using streptavidin 
beads, leaving the host DNA in solution. This hybrid selection protocol requires several µg 
of DNA as input, but recent development work with P. falciparum indicates that as little 10 
ng of input DNA may be expanded using whole genome amplification (WGA) to yield 
sufficient DNA for hybrid selection.  
 
We propose to validate this protocol as an approach for sequencing P. vivax using a 
collection of clinical samples from several diverse geographic regions represented by the 
newly established NIAID-funded International Centers of Excellence for Malaria 
Research (ICEMRs). By sequencing several representative isolates from disparate 
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locations, we will determine our ability to recover polymorphic regions of the genome in 
parasites likely to be quite divergent from the Salvador I reference. Subtelomeric regions 
exhibiting high diversity may not be recovered by the hybrid selection probes as efficiently 
in all populations as more conserved genomic regions, and by sequencing genetically 
similar as well as genetically diverse P. vivax isolates, we will be able to discern the degree 
to which variation in sequencing coverage is due to random noise vs. probe selection bias. 
Following validation and any necessary adjustments of the protocol or probe set, we 
propose to sequence several representative P. vivax isolates from the remaining ICEMR 
locations to demonstrate the protocol’s broad utility.  
 
We believe this approach has the potential to revolutionize and dramatically accelerate the 
pace of genome sequencing for P. vivax as well as numerous other organisms that are not 
easily culturable in the laboratory. By making the protocol publicly available and 
lodging the baits with the MR4 repository, we hope to create a valuable public 
resource that will expedite P. vivax genome sequencing by the vivax research 
community. 

 
2. Justification 
Provide a succinct justification for the sequencing or genotyping study by describing the 
significance of the problem and providing other relevant background information. 
 
This section is a key evaluation criterion. 
 

1. State the relevance to infectious disease for the organism(s) to be studied; for 
example the public health significance, model system etc.  

 
P. vivax is the single most common cause of malaria infection worldwide, with an 
estimated 80-300 million clinical cases occurring each year. Outside of sub-Saharan 
Africa, where human populations have largely evolved protective resistance to infection by 
this parasite species, P. vivax causes substantial morbidity in tropical, sub-tropical, and 
formerly even temperate regions. Mortality is less commonly induced by P. vivax than P. 
falciparum, although it does occur. In contrast to P. falciparum, P. vivax parasites are able 
to persist asymptomatically in patients for long periods of time in a quiescent form called a 
hypnozoite. Hypnozoites may break dormancy, cause disease symptoms, and become 
transmissible months or even years after a patient is initially infected, making the prospect 
of eradication potentially more difficult for P. vivax than P. falciparum.  
  

2. Are there genome data for organisms in the same phylum / class / family / genus? 
What is the status of other sequencing / genotyping projects on the same organism 
including current and past projects of the NIAID GSC? Provide information on 
other characteristics (genome size, GC content, repetitive DNA, pre-existing arrays 
etc.) relevant to the proposed study. Have analyses been performed on the raw data 
already generated/published? If additional strains are proposed for a species, 
please provide a justification for additional strains?  

 
Genome sequence data already exist for P. vivax. The Salvador I reference strain, 
originally derived from an infected patient in Central America, has been fully sequenced 
and has a high quality reference assembly (1). The assembly spans approximately 27 Mb, 
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exhibits a GC content of approximately 42%, and harbors few repeats though it does 
exhibit low complexity sequence in subtelomeric regions. The Wellcome Trust Sanger 
Institute has sequenced several P. vivax isolates but data have not yet been made public. 
Elizabeth Winzeler’s group at Scripps has sequenced a single Peruvian isolate (2). At the 
Broad Institute Genome Sequencing Center for Infectious Disease, sequencing of a small 
number of additional laboratory-adapted strains is currently underway as part of two 
whitepaper funded projects. Partial data, sufficient for SNP discovery but not de novo 
assembly, have been generated for four strains specified by Jane Carlton’s P. vivax 
diversity discovery whitepaper. An additional nine strains are also scheduled to be 
sequenced under the approved 100 Plasmodium genomes whitepaper.  
 
Difficulty in generating sufficient quantities of template DNA has hampered the progress 
of both of these projects, and has supplied motivation for this proposal to develop an 
alternative sequencing protocol. De novo assembly of genomes from short Illumina 
sequencing reads  requires paired-end reads generated from multiple sequencing libraries 
of different insert sizes: 180 bp, 3kb, and 7 kb. The amount of DNA received by the Broad 
Institute from collaborators raising P. vivax parasites in monkeys has typically been 
sufficient only for 180 bp library generation. In addition to poor quantity, these DNA 
samples are often contaminated with monkey DNA. Because P. vivax inhabits nucleated 
reticulocytes rather than enucleate mature red blood cells (like P. falciparum), it is difficult 
to prepare parasite DNA without significant host contamination. 
 
There has been no effort to develop a genome-wide SNP genotyping array for this 
neglected parasite, in part because of the difficulty of sequencing additional isolates to 
identify SNPs for inclusion in such a tool.  
 

3. If analyses have been conducted, briefly describe utility of the new sequencing or 
genotyping information with an explanation of how the proposed study to generate 
additional data will advance diagnostics, therapeutics, epidemiology, vaccines, or 
basic knowledge such as species diversity, evolution, virulence, etc. of the proposed 
organism to be studied. 

 
Surveys of genetic diversity at microsatellites and individual genes suggest that P. vivax 
populations generally harbor ample genetic diversity (3-5). SNP discovery in the first four 
strains to be sequenced at the Broad confirms these earlier findings, with 42,000-55,000 
SNPs found in the North Korean, India VII, Mauritania I, and Brazil I strains relative to the 
Central American Salvador I reference. 
 
As in P. falciparum, this genetic diversity helps to drive P. vivax disease impact. Genetic 
diversity enables the parasite to evade the adaptive immune response in human hosts, can 
contribute to the evolution of drug resistance, and may reduce the efficacy of future 
vaccines. To capture and understand this diversity, and to map the local and global 
population structure of this parasite, we ultimately need to sequence P. vivax isolates from 
around the globe. To make a more ambitious sequencing program for P. vivax practical, we 
urgently need a means to efficiently sequence parasites from clinical samples. 
 

   
3. Rationale for Strain Selection 
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4. Provide the rationale behind the selection of strains and the number of strains 
proposed in the study. The focus of the program is on potential agents of 
bioterrorism or organisms responsible for emerging or re-emerging infectious 
diseases. Non-select agents or non-pathogenic organisms will be considered when 
they can provide insight into these scientific areas.  

 
We propose to sequence five representatives of geographically disparate P. vivax 
populations in ICEMR countries to determine the efficacy of hybrid selection probes for 
recovery of highly polymorphic genomic regions. This sequencing would be accomplished 
in two phases to allow for bait re-design if initial sequencing efforts are found to not 
recover highly polymorphic regions of the genome. A summary of the sequencing plan is 
presented in the table below. 
 
 
 
 
 
 
 
 
 
 
 
Phase I 
Sequencing of two clinical samples from each of three geographically disparate ICEMRs 
will take place first, in order to determine whether redesign of hybrid selection probes is 
necessary to improve protocol performance and sequencing coverage. In addition to 
providing feedback on protocol performance, this portion of the project will enable 
genome-wide estimation of divergence and diversity of global P. vivax populations at a 
scale not permitted by the scope of the current NIAID-funded sequencing projects for P. 
vivax. 
 
Phase II 
Following success and/or redesign of baits after Phase I sequencing has been completed, 
for Phase II we propose to sequence an additional six isolates from each of the three 
locations sequenced in Phase I, and to sequence eight isolates from two additional 
locations, for a total of eight isolates from each region.  
 
      

Table 1. ICEMR sampling locations for sequencing  

Location 
No. of 

samples 
Project 
Phase 

SW Pacific (e.g PNG) 8 I 
SE Asia (e.g Thailand) 8 I 
Latin America (e.g Colombia) 8 I 
Amazonia (e.g Peru ) 8 II 
S Asia (e.g India) 8 II 

 
  4a. Approach to Data Production: Data Generation 

5. State the data and resources planned to be generated. (e.g draft genome sequences, 
finished sequence data, SNPs, DNA/protein arrays generation, clone generation 
etc.) 

 
Andi Gnirke and colleagues at the Broad Institute recently developed an approach to 
efficiently resequence the human exome called ‘hybrid selection’ (7). It utilizes 170 bp 
oligos synthesized by Agilent that are complementary to exonic sequences (or any other 
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sequences) targeted for enrichment. The oligos are reverse transcribed into RNA , labeled 
with biotin, and mixed with a DNA sample selected for enrichment. Target DNA that 
hybridizes to the RNA oligos is captured via streptavidin beads, and non-complementary 
DNA is eluted away. We have recently adapted this process to selectively resequence a 
portion of the P. falciparum genome from samples containing mixed human and P. 
falciparum DNA. We designed oligo baits covering approximately 15% of the P. 
falciparum 3D7 reference assembly, and were able to achieve approximately 40-fold 
enrichment of targeted sequences from a starting mixture of DNA that had a 100:1 ratio of 
human to malaria DNA. As the figure below illustrates, Illumina reads strongly localize to 
regions of the P. falciparum genome targeted with hybrid selection probes. For P. vivax we 
propose to designed hybrid selection probes tiling the entire genome for recovery of all 
coding and noncoding regions. 

 
Alternatively, if a sufficient quantity of relatively pure P. vivax DNA can be obtained from 
Salvador I or another line of P. vivax, we proposed to generate baits at the Broad Institute 
by shearing and labeling amplified preparations of this genomic DNA instead of acquiring 
synethesized oligos. Hybrid selection using these so-called ‘whole genome baits’ has been 
very successful for P. falciparum.  
 
The Broad Institute hybrid selection protocol requires 3 ug of DNA (mixed host + parasite) 
as input, but this quantity of DNA is not always available from clinical samples, especially 
in cases of low parasitemia. We have experimented with whole genome amplification 
(WGA) to amplify small quantities of mixed human and P. falciparum DNA (mass ratio 
100:1) such as might be derived from a clinical samples (down to 10 ng) and have found 
little diminution of sequence data quality or enrichment. As the figure below illustrates, 
there is little difference in sequencing coverage yielded by one lane of Illumina sequence 
data for amplified vs. non-amplified samples ‘hybrid-selected’ using whole genome baits, 
suggesting that the pairing of WGA and hybrid selection will offer a viable approach to 
sequencing P. vivax samples that are small in quantity and contain significant amounts of 
host DNA. The figure below indicates a drop of coverage in high [A/T] regions of the P. 
falciparum genome even for a sample of pure malaria DNA. Given its more even base 
composition, the P. vivax genome should be subject to less local variation in coverage. 



 

Genomic Sequencing Centers for Infectious Diseases: White Paper Form            7 

 
 
In general, 10X sequencing coverage is a practical minimum for accurate SNP discovery. 
Amplified vs. non-amplified templates yield very comparable fractions of the probe-
targeted P. falciparum genome sequenced to a minimum of 10X coverage (84% vs 83%). 
Given that Illumina sequencing of high [A/T] regions is inefficient, and that P. vivax has a 
more moderate [A/T] composition than P. falciparum, we expect this protocol to recover 
an even greater portion of the P. vivax genome at 10X coverage or more.  
 

   
4b. Approach to Data Production: Data Analysis 

6. Briefly describe the analysis (value-add) envisioned to be performed subsequently 
by the community and the potential to develop hypotheses driven proposals given 
the datasets and resources produced by this work.  

 
All sequencing reads from each clinical sample will be mapped to the Salvador I P. vivax 
reference assembly using the BWA algorithm (8). SNP calling will be performed using the 
Unified Genotyper application within the Genome Analysis Tool Kit (GATK) next 
generation sequence analysis software suite developed at the Broad Institute (9). Recent 
evaluation of the GATK SNP caller using Illumina resequencing data for the P. falciparum 
3D7 reference strain found excellent true positive (98%) and false negative (1%) SNP 
discovery rates, suggesting that this approach will yield excellent mapping of SNPs in the 
lower [A/T], and consequently higher complexity, P. vivax genome.  
 
For all individual populations, we will calculate genome wide SNP diversity as !, or the 
average rate of pairwise SNP occurrence between strains. SNP diversity metrics will be 
scaled by the multiplicity of infection (MOI) of each sample if it is determined that any 
samples contain more than one strain. We will calculate inter-population divergence using 
the Fst metric (10). We will also assess population structure using the Structure algorithm 
(11) and Principal Components Analysis, which have been highly effective in identifying 
micro- and macro-geographic population structure in P. falciparum from genome-wide 
genotyping and resequencing data (5, 12, 13).  
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5. Community Support and Collaborator Roles:  

7. Provide evidence of the relevant scientific community’s size and depth of interest in 
the proposed sequencing or genotyping data for this organism or group of 
organisms. Please provide specific examples. 

This project has the potential to be of high significant value to the P. vivax research 
community. In addition to the development of a generally accessible protocol that will 
enable efficient sequencing of P. vivax from clinical samples, this project will lead to the 
generation of a global database of SNPs segregating within P. vivax, and an estimation of 
global population structure and genetic diversity in the context of pre-elimination settings. 

 
We have received expressions of support for this project from five ICEMR PIs in vivax-
endemic regions as follows: 
 
Dr. Socrates Herrera-Valencia 
PI, Latin American Center for Malaria Research and Control 
 
Dr. Liwang Cui 
PI, Southeast Asia Malaria Research Center 
 
Dr. Joseph Vinetz 
PI, Peruvian/Brazilian Amazon Center of Excellence in Malaria 
 
Dr. James Kazura 
PI, Research to Control and Eliminate Malaria in SE Asia and SW Pacific 
 
Dr. Jane Carlton (PI of this application) 
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PI, Center for the Study of Complex Malaria in India 
 

8. List all project collaborators and their roles in the project 
Jane Carlton will oversee sample collection, project management, data analysis and 
publications from the project. Ivo Mueller and Inoni Betuela will oversee sample 
collection from PNG study sites, and also participate in data analysis. Daniel 
Neafsey will manage the project at the Broad Institute, and will coordinate 
shipment of samples to the Broad, development work for the hybrid selection 
protocol, SNP calling on the sequencing reads, and analysis of the data. 

 
9. List availability of other funding sources for the project. 

No other funding sources are available for this project 
 

   
6. Availability & Information of Strains: 

10. Indicate availability of relevant laboratory strains and clinical isolates. Are the 
strains/isolates of interest retrospectively collected, prepared and ready to ship?   

Note: If samples are prospectively prepared the GSC can provide protocols and 
recommendation based on the Centers past experiences. The samples must however meet 
minimum quality standards as established by the Center for the optimal technology 
platform (sequencing/ genotyping) to be used in the study.  
 
An extensive epidemiological survey is an integral component of each of the five vivax-
endemic ICEMRs listed here. For example, one of the ICEMRs in India (PI Jane Carlton) 
has a five-year longitudinal eco-epidemiological study involving the enrollment of 500 
participants at each of three sites and sampling of those individuals four times each year. 
Samples will be bar-coded and stored, and linked to extensive clinical and molecular data 
that can also be used to inform this proposal (see below). Because of the long-term nature 
of the ICEMR projects (seven years total), P. vivax isolates will continue to be collected 
for several years to come.     
 

11. Attach relevant information, if available in an excel spreadsheet for multiple 
samples: e.g. 
• Name 
• Identifier 
• Material type (DNA/RNA/Strain) 
• Genus 
• Species 
• Specimen / Strain 
• Isolation source 
• Isolated from 
• Select agent status 
• International permit requirement 
• BEIR/ATCC repository accession number 
• Other public repository location 
• Other public repository identifier 
• Sample provider’s name 
• Sample provider’s contact 

 



 

Genomic Sequencing Centers for Infectious Diseases: White Paper Form            
11 

12. What supporting metadata and clinical data have been collected or are planned on 
being collected that could be made available for community use?  

 
Extensive metadata will be available for many of the isolates, including patient 
questionaires, GIS/GPS data, immunological assay data, and host genetic data.  
 
 
 
 
 
 
 
 
 

 
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/research/resources/mscs/data.htm 
  http://grants.nih.gov/grants/guide/notice-files/NOT-OD-08-013.html 
<Each Center to include their website that describes/points to the guidelines> 
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:  

13. State plans for deposit of starting materials as well as resulting reagents, 
resources, and datasets in NIAID approved repositories. Sequencing projects will 
not begin until the strain is deposited into NIAID funded BEI repository 
(http://www.beiresources.org/).  This includes web based forms are completed by 
the collaborator and received by the NIAID BEI (http://www.beiresources.org/).  

 
All Illumina sequencing data will be deposited immediately upon generation into the 
NCBI Sequence Read Archive (SRA), or a suitable successor if the SRA is no longer 
accepting submissions. SNPs will be deposited in dbSNP following appropriate vetting 
and accuracy assessment. All SNP data will also be deposited with PlasmoDB. 
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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. 

 
Investigator Signature:  
 

 
Investigator Name:      Jane Carlton   Date 05/16/2011 
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