
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Whole Genome Analysis of the Human Malaria Parasites Plasmodium vivax and P. 
falciparum /

Permalink
https://escholarship.org/uc/item/02h608sv

Author
Bright, Andrew Taylor

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/02h608sv
https://escholarship.org
http://www.cdlib.org/


 

	  

UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 
 

Whole Genome Analysis of the Human Malaria Parasites Plasmodium vivax and P. 
falciparum 

 
 

A dissertation submitted in partial satisfaction of the 
requirements for the degree Doctor of Philosophy 

 
 
 

in 
 
 
 

Biomedical Sciences 
 
 
 

by 
 
 
 

Andrew Taylor Bright 
 
 
 
 

Committee in charge: 
 
 Professor Elizabeth A. Winzeler, Chair 
 Professor Joseph M. Vinetz, Co-Chair 
 Professor Eric E. Allen 
 Professor Kelly A. Frazer 
 Professor Victor Nizet 
 Professor Christopher H. Woelk 
 

 
 
 

2013 
  



 

	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 
 

Andrew Taylor Bright, 2013 
 

All rights reserved. 
 



 

	  
iii 

SIGNATURE PAGE 
 
 
 
 
 
 
 
 
 
 

The Dissertation of Andrew Taylor Bright is approved, and it is acceptable in 

quality and form for publication on microfilm and electronically: 

 

 

 

 

 

Co-Chair 

Chair 

 
 
 
 
 
 
 
 
 
 

University of California, San Diego 
 

2013 
  



 

	  
iv 

TABLE OF CONTENTS 

SIGNATURE PAGE ................................................................................................................ iii 

TABLE OF CONTENTS ......................................................................................................... iv 

LIST OF FIGURES ................................................................................................................ xii 

LIST OF TABLES ................................................................................................................. xiv 

LIST OF EQUATIONS ......................................................................................................... xvi 

ACKNOWLEDGEMENTS .................................................................................................. xvii 

VITA ......................................................................................................................................... xx 

ABSTRACT OF THE DISSERTATION ........................................................................... xxiii 

CHAPTER 1 - INTRODUCTION ........................................................................................... 1 

BACKGROUND AND SIGNIFICANCE ......................................................................................... 1 

Global impact of the malaria parasite. .............................................................................. 1 

Lifecycle of the malaria parasite. ....................................................................................... 1 

Historical global distribution of the malaria parasite ....................................................... 3 

Disease burden due to Plasmodium vivax. ......................................................................... 5 

Plasmodium vivax biology. ................................................................................................. 6 

Limits to investigating P. vivax biology. ............................................................................ 7 

Using whole genome sequencing to overcome barriers to understanding P. vivax. .......... 8 

ABSTRACT ............................................................................................................................. 10 

INTRODUCTION ..................................................................................................................... 11 

RESULTS ................................................................................................................................ 14 

Full genome analysis of a patient isolate. ........................................................................ 14 



 

	  
v 

Sequencing reveals tens of thousands of mutations. ........................................................ 15 

High level of mutations in multigene families. ................................................................. 18 

Genes under selection. ..................................................................................................... 19 

Positive selection on transcription factors. ...................................................................... 20 

Drug resistance. ............................................................................................................... 22 

Identification of candidates for pre-erythrocytic vaccines. .............................................. 22 

DISCUSSION .......................................................................................................................... 23 

MATERIALS AND METHODS .................................................................................................. 26 

Ethics statement. ............................................................................................................... 26 

Sample collection. ............................................................................................................ 26 

Microarray analysis. ........................................................................................................ 27 

Illumina sequencing and analysis. ................................................................................... 28 

SUPPORTING INFORMATION .................................................................................................. 29 

Illumina sequencing and analysis. ................................................................................... 29 

PAML. ............................................................................................................................... 32 

Design and construction of a P. vivax microarray. ......................................................... 33 

False positive/false negative analysis. ............................................................................. 34 

Homology modeling. ........................................................................................................ 35 

Sequencing and SNP data availability. ............................................................................ 35 

FIGURES ................................................................................................................................ 37 

TABLES ................................................................................................................................. 45 

ACKNOWLEDGEMENTS ......................................................................................................... 52 

CHAPTER 2 ............................................................................................................................ 53 

ABSTRACT ............................................................................................................................. 53 



 

	  
vi 

Background ...................................................................................................................... 53 

Results .............................................................................................................................. 53 

Conclusion ........................................................................................................................ 54 

BACKGROUND ....................................................................................................................... 54 

RESULTS ................................................................................................................................ 57 

Synthesis of whole genome baits ...................................................................................... 57 

Whole genome capture and sequencing of P. vivax field samples ................................... 58 

Whole genome and chromosome coverage analysis of whole genome captured samples61 

%GC content accounts for the sequencing bias between the two techniques .................. 63 

Quantity of sequencing data required for P. vivax resequencing projects ...................... 64 

SNVs identified in whole genome captured samples ........................................................ 65 

DISCUSSION .......................................................................................................................... 67 

CONCLUSION ......................................................................................................................... 70 

METHODS .............................................................................................................................. 70 

Ethics statement ................................................................................................................ 70 

Sample collection ............................................................................................................. 71 

Isolation of genomic DNA ................................................................................................ 71 

Quantification of P. vivax DNA with qPCR ..................................................................... 71 

Creation of whole genome baits (WGB) ........................................................................... 72 

Whole genome capture technique ..................................................................................... 73 

Sequencing and data analysis .......................................................................................... 74 

AUTHORS’ CONTRIBUTIONS .................................................................................................. 76 

FIGURES ................................................................................................................................ 77 

TABLES ................................................................................................................................. 82 



 

	  
vii 

ACKNOWLEDGMENTS ........................................................................................................... 84 

CHAPTER 3 ............................................................................................................................ 85 

ABSTRACT ............................................................................................................................. 85 

INTRODUCTION ..................................................................................................................... 85 

CASE ..................................................................................................................................... 87 

RESULTS ................................................................................................................................ 88 

Host Factors ..................................................................................................................... 88 

Conventional Genotyping ................................................................................................. 89 

Whole genome sequencing analysis ................................................................................. 90 

Parasite genotyping using WGS ....................................................................................... 91 

Parasite Resistance Genes ............................................................................................... 92 

Clonality of infection ........................................................................................................ 93 

Analysis of the genetic relationship between the parasite strains .................................... 95 

Simulation of polyclonal infections caused by meiotic siblings ....................................... 96 

DISCUSSION .......................................................................................................................... 97 

MATERIALS AND METHODS ................................................................................................ 101 

Ethics Statement ............................................................................................................. 101 

Sample Collection. .......................................................................................................... 101 

Genotyping of cytochrome P450 (CYP) alleles .............................................................. 102 

Measurement of drug levels ........................................................................................... 103 

Genotyping of eight microsatellite makers and variable genes. .................................... 104 

Isolation of genomic DNA for whole genome sequencing. ............................................ 105 

Quantification of P. vivax DNA with qPCR. .................................................................. 106 

Whole genome capture. .................................................................................................. 106 



 

	  
viii 

Sequencing and data analysis. ....................................................................................... 107 

Read alignment and processing ..................................................................................... 108 

Depth of coverage analysis ............................................................................................ 108 

SNV discovery and genotyping ....................................................................................... 108 

Characterization of multiplicity of infection .................................................................. 109 

Haplotype block calculations ......................................................................................... 110 

Copy number variant analysis ........................................................................................ 110 

AUTHOR CONTRIBUTIONS .................................................................................................. 111 

FIGURES .............................................................................................................................. 112 

TABLES ............................................................................................................................... 120 

ACKNOWLEDGEMENTS ....................................................................................................... 129 

CHAPTER 4 .......................................................................................................................... 131 

SINGLE NUCLEOTIDE VARIANT CALLING PIPELINE ........................................................... 132 

Whole genome analysis pipeline: Getting from raw reads to raw SNVs ....................... 132 

Distinguishing true SNVs from false calls ...................................................................... 136 

Validation of the optimal filtering set ............................................................................. 139 

UTILIZING THE SNV CALLING PIPELINE TO IDENTIFY VARIANTS RESPONSIBLE FOR 

RESISTANCE TO NEW ANTI-MALARIALS ............................................................................ 142 

Abstract .......................................................................................................................... 143 

Introduction .................................................................................................................... 144 

Liver-stage activity high-throughput screen .................................................................. 145 

Scaffold clustering of liver-stage hits ............................................................................. 146 

GNF179 works through a new mechanism. ................................................................... 147 



 

	  
ix 

IDENTIFICATION OF SNVS INVOLVED IN RESISTANCE TO MOLECULAR INHIBITORS OF A P. 

FALCIPARUM PROTEASE ...................................................................................................... 149 

Abstract .......................................................................................................................... 150 

Introduction .................................................................................................................... 151 

A bioinformatics approach identifies a minimal ERAD pathway in protozoan pathogens, 

of which P. falciparum shows heightened susceptibility to inhibition ........................... 152 

PfSPP is an component of ERAD and this role can be inhibited by small molecules .... 154 

Identification of PfSPP inhibitor targets by selection of resistant parasites ................. 155 

MITOTIC EVOLUTION OF PLASMODIUM FALCIPARUM SHOWS A STABLE CORE GENOME BUT 

RECOMBINATION IN ANTIGEN FAMILIES ............................................................................ 159 

Abstract .......................................................................................................................... 160 

Introduction .................................................................................................................... 162 

Generation of clonal P. falciparum lines in long-term in vitro culture ......................... 164 

Long-term in vitro cultivation of P. falciparum reveals few small genomic changes at the 

whole-genome level ........................................................................................................ 165 

ATQ pressure directs the selection but does not alter the mutation rate ....................... 168 

Antigenic gene families in subtelomeric regions acquire structural variants ................ 170 

EXPERIMENTALLY INDUCED BLOOD-STAGE P. VIVAX INFECTIONS IN HEALTHY VOLUNTEERS

 ............................................................................................................................................ 172 

Abstract .......................................................................................................................... 173 

Introduction .................................................................................................................... 174 

Ethics .............................................................................................................................. 176 

Case ................................................................................................................................ 176 

DNA sequencing of the parasite. .................................................................................... 178 



 

	  
x 

PCR for quantification of P. vivax parasitemia ............................................................. 179 

Quantification of gametocytemia ................................................................................... 180 

Clinical course ............................................................................................................... 181 

Course of parasitemia .................................................................................................... 182 

DNA Sequence of the isolate .......................................................................................... 183 

Discussion ...................................................................................................................... 185 

GENOMIC ANALYSIS OF CHLOROQUINE RESISTANT AND SENSITIVE P. VIVAX FROM SENTANI, 

INDONESIA .......................................................................................................................... 192 

Introduction .................................................................................................................... 192 

Results ............................................................................................................................ 196 

Whole genome sequencing of CQS and CQR parasite populations ............................... 196 

Genotyping the CQS and CQR parasite populations at known variant sites ................. 197 

Loss of “heterozygousity” between regions in the CQS and CQR parasite populations

 ........................................................................................................................................ 198 

Genes with non-synonymous SNVs in the CQR population ........................................... 200 

dn/ds ratio analysis identifies genes under differential selection .................................. 200 

SNVs identified in known and putative drug resistant genes ......................................... 204 

Discussion ...................................................................................................................... 205 

Conclusion ...................................................................................................................... 209 

Methods and Materials ................................................................................................... 210 

Sample collection ........................................................................................................... 210 

Library preparation and whole genome sequencing ...................................................... 210 

Sequencing data analysis ............................................................................................... 210 

SNV calling ..................................................................................................................... 211 



 

	  
xi 

Loss of heterozygousity .................................................................................................. 212 

dn/ds analysis ................................................................................................................. 212 

FIGURES .............................................................................................................................. 213 

TABLES ............................................................................................................................... 230 

ACKNOWLEDGEMENTS ....................................................................................................... 242 

CHAPTER 5 – CONCLUSION ........................................................................................... 243 

Case Studies ................................................................................................................... 245 

Current state of affairs in infectious disease sequencing ............................................... 249 

Where to next? ................................................................................................................ 250 

More, now! ..................................................................................................................... 252 

The longer, the better. .................................................................................................... 255 

We sequenced the entire freezer. Now what? ................................................................. 257 

Communication, communication, communication. ........................................................ 260 

Money, stupid! (Ernest Andrew Bright III, Douglas S. Freeman) ................................. 265 

Conclusion ...................................................................................................................... 268 

REFERENCES ...................................................................................................................... 270 

  



 

	  
xii 

LIST OF FIGURES 

FIGURE 1. MALARIA PARASITE LIFE CYCLE. .............................................................................................. 37 

FIGURE 2. THE SPATIAL DISTRIBUTION OF P. FALCIPARUM PARASITE RATE AGE-STANDARDIZED TO 2–10 Y 

(PFPR2−10) IN 2007. ......................................................................................................................... 38 

FIGURE 3. THE GLOBAL SPATIAL LIMITS OF P. VIVAX MALARIA TRANSMISSION IN 2009. .......................... 38 

FIGURE 4. PILEUP ALIGNMENT OF ILLUMINA SEQUENCING READS ACROSS THE P. VIVAX GENOME. .......... 39 

FIGURE 5. MICROARRAY EVALUATION OF HUMAN CONTAMINATION AND P. VIVAX-SPECIFIC 

HYBRIDIZATION. .............................................................................................................................. 40 

FIGURE 6. GENOME-WIDE DETECTION OF POLYMORPHISMS IN A PATIENT-DERIVED ISOLATE OF P. VIVAX.41 

FIGURE 7. PREDICTED POLYMORPHISMS IN DRUG RESISTANCE GENES IN A PERUVIAN PATIENT-DERIVED P. 

VIVAX ISOLATE. ................................................................................................................................ 42 

FIGURE 8. ALIGNMENT OF PLASMODIUM MULTIDRUG RESISTANCE PROTEINS. .......................................... 43 

FIGURE 9. HOMOLOGY MODEL OF PVMRP. .............................................................................................. 44 

FIGURE 10. ENRICHMENT OF SAL1 DNA USING WHOLE GENOME BAITS. .................................................. 77 

FIGURE 11. P. VIVAX GENOMIC COVERAGE AFTER WHOLE GENOME CAPTURE. .......................................... 78 

FIGURE 12. NORMALIZED COVERAGE BY GC% CONTENT. ........................................................................ 79 

FIGURE 13. COMPARISON OF DEPTH OF COVERAGE ON CHROMOSOME 10. ................................................ 80 

FIGURE 14. CONFIDENTLY GENOTYPED LOCI AT VARIOUS SEQUENCING DEPTHS. ..................................... 81 

FIGURE 15. PRINCIPAL COMPONENTS ANALYSIS. .................................................................................... 112 

FIGURE 16. “HETERZYGOTE” SNVS IDENTIFIED IN EAC01. ................................................................... 113 

FIGURE 17. “HETERZYGOTE” SNVS IDENTIFIED IN EAC02. ................................................................... 114 

FIGURE 18. “HETERZYGOTE” SNVS IDENTIFIED IN EAC03. ................................................................... 115 

FIGURE 19. PAIRWISE COMPARISON OF EAC02 AND EAC03. ................................................................. 116 

FIGURE 20. PAIRWISE COMPARISON OF EAC01 AND EAC02. ................................................................. 117 

FIGURE 21. PAIRWISE COMPARISON OF EAC01 AND EAC03. ................................................................. 118 

FIGURE 22. THREE-WAY COMPARISON OF THE EAST AFRICAN SAMPLES. ............................................... 119 



 

	  
xiii 

FIGURE 23. DIAGRAM OF ALL THE EXTERNAL AND INTERNALLY DEVELOPED PROGRAMS INVOLVED IN 

PROCESSING PLASMODIUM SAMPLES AS IMPLEMENTED BY THE PLATYPUS PIPELINE. .................... 213 

FIGURE 24. SNVS IDENTIFIED IN PFCARL BY MICROARRAY ANALYSIS AND WHOLE GENOME SEQUENCING 

ANALYSIS. ..................................................................................................................................... 214 

FIGURE 25. PROTOZOAN PARASITES HAVE A MINIMAL ERAD PATHWAY AND SHOW HEIGHTENED 

SUSCEPTIBILITY TO INHIBITION. ..................................................................................................... 215 

FIGURE 26. P. FALCIPARUM AND HUMAN HEPG2 CELLS WERE TREATED WITH INHIBITORS OF 

CHARACTERIZED ERAD PROTEINS. ............................................................................................... 216 

FIGURE 27. IDENTIFICATION OF SPP INHIBITOR TARGETS IN PARASITES. ................................................ 217 

FIGURE 28. GENERATION OF ATOVAQUONE (ATQ)-RESISTANT PARASITES. ........................................... 218 

FIGURE 29. LOCATION AND EVOLUTIONARY RELATIONSHIP OF GENETIC CHANGES FOLLOWING LONG-

TERM CULTURING OF P. FALCIPARUM PARASITES. .......................................................................... 219 

FIGURE 30. GENOMIC CHANGES AND DRUG SENSITIVITIES OF ATOVAQUONE (ATQ)-SELECTED CLONES.

 ...................................................................................................................................................... 220 

FIGURE 31. THE COURSE OF P. VIVAX PARASITEMIA (A; CIRCLES) AND LEVEL OF PVS25 TRANSCRIPTS (B; 

DIAMONDS) IN VOLUNTEER 1 (BLUE) AND VOLUNTEER 2 (RED). ................................................... 221 

FIGURE 33. SINGLE NUCLEOTIDE VARIANTS (SNV) IDENTIFIED IN THIS P. VIVAX STRAIN MAPPED AGAINST 

THE SALI REFERENCE STRAIN, SHOWING ALL 14 CHROMOSOMES. ................................................. 223 

FIGURE 34. PRINCIPAL COMPONENTS ANALYSIS OF P. VIVAX INFECTIONS KNOWN TO BE AND PUTATIVELY 

FROM EAST ASIA. .......................................................................................................................... 224 

FIGURE 35. PRINCIPAL COMPONENTS OF ANALYSIS OF PUBLICLY AVAILABLE P. VIVAX INFECTIONS FROM 

AROUND THE WORLD. .................................................................................................................... 225 

FIGURE 36. LOSS OF “HETEROZYGOUSITY” IN THE SUBTELOMERIC REGIONS. ......................................... 226 

FIGURE 37. LOSS OF “HETEROZYGOUSITY” ON CHROMOSOME 8 (550,000 BP – 650,000 BP). ................. 227 

FIGURE 38. LOSS OF “HETEROZYGOUSITY” ON CHROMOSOME 9 (1,340,000 BP – 1,420,000 BP). ........... 228 

FIGURE 39. COMPARISON OF GENE DN/DS RATES IN THE CQS AND CQR PARASITE POPULATIONS. ........ 229 

  



 

	  
xiv 

LIST OF TABLES 

TABLE 1. EVALUATION OF HUMAN LEUKOCYTE CONTAMINATION BY SEQUENCING ANALYSIS. ............... 45 

TABLE 2. SNP PREDICTION RESULTS: IQ07 SNP CALL RATES. GENOME-WIDE FALSE POSITIVE AND FALSE 

NEGATIVE RATES FOR THE MICROARRAY. ........................................................................................ 45 

TABLE 3. CLASSIFICATION OF GENES. ....................................................................................................... 46 

TABLE 4. GENES WITH HIGH NUMBERS OF NON-SYNONYMOUS SNPS TO SYNONYMOUS SNPS. ................ 47 

TABLE 5. SNP POSITIONS (AMINO ACID SEQUENCE) WITHIN TWO AP2 TRANSCRIPTION FACTORS 

IDENTIFIED AS HIGHLY POLYMORPHIC. ............................................................................................ 48 

TABLE 6. POLYMORPHISM DETECTION IN P. VIVAX DRUG RESISTANCE GENES BY MICROARRAY AND 

SEQUENCING ANALYSIS. .................................................................................................................. 49 

TABLE 7. POTENTIAL VACCINE CANDIDATES. ........................................................................................... 50 

TABLE 8. SNP SUBSETS FILTERED AS DESCRIBED ABOVE. ........................................................................ 51 

TABLE 9. P. VIVAX GENOMIC DNA YIELD FROM WHOLE BLOOD SAMPLES USING WHOLE-GENOME CAPTURE

 ........................................................................................................................................................ 82 

TABLE 10. SEQUENCING STATISTICS FOR WHOLE-GENOME CAPTURE SAMPLES ........................................ 82 

TABLE 11. SNVS IDENTIFIEDBY WHOLE GENOME SEQUENCING ................................................................ 82 

TABLE 12. OLIGONUCLEOTIDE PRIMERS ................................................................................................... 83 

TABLE 13. MICROSATELLITE AND GENOTYPING RESULTS ....................................................................... 120 

TABLE 14. GENOMIC LOCATION OF 8 GENETIC MARKERS IN P. VIVAX ..................................................... 120 

TABLE 15. SEQUENCING STATISTICS FOR WHOLE-GENOME CAPTURE SAMPLES ...................................... 120 

TABLE 16. SNV GENOTYPING SET: EAST AFRICAN SAMPLE SNV STATISTICS ........................................ 121 

TABLE 17. SNV GENOTYPING SET: SNV STATISTICS .............................................................................. 121 

TABLE 18. SNV GENOTYPING SET: CHROMOSOME STATISTICS ............................................................... 122 

TABLE 19. SNV GENOTYPING SET: EAST AFRICAN CHROMOSOME STATISTICS ...................................... 123 

TABLE 20. GENETIC POLYMORPHISMS IN DRUG RESISTANCE GENES FROM RELAPSING ISOLATES ........... 124 

TABLE 21. P. VIVAX CORE CHROMOSOME REGIONS (EXCLUDES SUBTELOMERIC AND INTERNAL VARIABLE 

REGIONS) ....................................................................................................................................... 125 



 

	  
xv 

TABLE 22. HAPLOTYPE BLOCK METRIC ................................................................................................. 125 

TABLE 23. RECIPROCAL RECOMBINATION BREAKPOINTS ...................................................................... 126 

TABLE 24. PRIMER SEQUENCES FOR 8 GENETIC MARKERS IN P. VIVAXA ................................................... 127 

TABLE 25. OLIGONUCLEOTIDE PRIMERS ................................................................................................. 128 

TABLE 26. CNV’S IN PUTATIVE DRUG RESISTANCE GENES ..................................................................... 128 

TABLE 27. WHOLE GENOME SEQUENCING COVERAGE ............................................................................ 230 

TABLE 28. GENETIC VARIANTS BETWEEN THE DD2 PARENT AND RESISTANT STRAIN ............................. 230 

TABLE 29. SEQUENCING AND MICROARRAY RESULTS SUMMARY. .......................................................... 231 

TABLE 30. SNV GENOTYPING SET: SNV STATISTICS .............................................................................. 232 

TABLE 31. SNV GENOTYPING SET: CHROMOSOME STATISTICS ............................................................... 232 

TABLE 32. GENETIC POLYMORPHISMS IN PUTATIVE DRUG RESISTANCE GENES OF P. VIVAX .................... 233 

TABLE 33. SNV GENOTYPING SET: SNV STATISTICS .............................................................................. 234 

TABLE 34. SNV GENOTYPING SET: CHROMOSOME STATISTICS ............................................................... 235 

TABLE 35. GENES PRESENT IN LOH REGION ON CHROMOSOME 8 .......................................................... 236 

TABLE 36. GENES PRESENT IN LOH REGION ON CHROMOSOME 9 .......................................................... 237 

TABLE 37. NON-SYNONYMOUS SNVS DIFFERENTIATING THE SENTANI CQS AND CQR PARASITE 

POPULATIONS ................................................................................................................................ 238 

TABLE 38. GENES UNDER POSITIVE SELECTION IN CQS AND UNDER NEUTRAL OR PURIFYING SELECTION IN 

CQR .............................................................................................................................................. 239 

TABLE 39. GENES UNDER POSITIVE SELECTION IN CQR AND UNDER NEUTRAL OR PURIFYING SELECTION 

IN CQS .......................................................................................................................................... 240 

TABLE 40. SNVS IN KNOWN AND PUTATIVE DRUG RESISTANCE GENES .................................................. 241 

  



 

	  
xvi 

LIST OF EQUATIONS 

EQUATION 1 ............................................................................................................................................ 110 

EQUATION 2 ............................................................................................................................................ 110 

  



 

	  
xvii 

ACKNOWLEDGEMENTS 

I would like to acknowledge Professor Elizabeth A. Winzeler whose support 

and guidance have been invaluable during my journey. 

 

I would also like to acknowledge the past and present members of the Winzeler 

Lab. All of you truly made lab an enjoyable place to be (when I decided to be there). It 

was a joy working with you all. 

 

I would finally like to acknowledge my parents. Without their love and support 

throughout the entirety of my academic career I would not have been able to 

accomplish all that I have. 

 

Chapter 1, in part, is an adaptation of material that appears in Dharia N V, 

Bright AT, Westenberger SJ, Barnes SW, Batalov S, Kuhen K, Borboa R, Federe GC, 

McClean CM, Vinetz JM, Neyra V, Llanos-Cuentas A, Barnwell JW, Walker JR, 

Winzeler EA. 2010. “Whole-genome sequencing and microarray analysis of ex vivo 

Plasmodium vivax reveal selective pressure on putative drug resistance genes.” 

Proceedings of the National Academy of Sciences of the United States of America 

107(46): 20045–50. The dissertation author was the secondary investigator and author 

of this paper. 

 



 

	  
xviii 

Chapter 2, in full, is an adaptation of material that appears in Bright AT, 

Tewhey R, Abeles S, Chuquiyauri R, Llanos-Cuentas A, Ferreira MU, Schork NJ, 

Vinetz JM, Winzeler EA. 2012. “Whole genome sequencing analysis of Plasmodium 

vivax using whole genome capture.” BMC genomics 13(1): 262. The dissertation 

author was the primary investigator and author of this paper. 

 

Chapter 3, in part, is an adaptation of material being submitted for publication 

as Bright, AT, Manary, MJ, Tewhey, R, Arango, EM, Schork, NJ, Yanow, SK, 

Winzeler, EA. “Whole genome sequencing reveals Plasmodium vivax relapse 

infections caused by meiotic siblings.” Chapter 3, in part, is also an adaption of 

material that appears in Bright, A. T., Alenazi, T., Shokoples, S., Tarning, J., 

Paganotti, G. M., White, N. J., Houston, S., Winzeler, E. A. & Yanow, S. K. (2013). 

Genetic analysis of primaquine tolerance in a patient with relapsing vivax malaria. 

Emerging infectious diseases 19, 802–5. The dissertation author was the primary 

investigator and author for both of these papers. 

 

Chapter 4, in part, is an adaptation of material that is being submitted for 

publication as Manary, MJ, Corey, VC, Bright, AT, Bopp, SER, McNamara, CW, 

Walker, JR, Winzeler, ER. “Identification of pathogen genomic variants through an 

integrated pipeline.” The dissertation author was the secondary investigator and author 

of the paper. In addition, chapter 4, in part, is an adaptation of material that appears in 

Meister S, Plouffe DM, Kuhen KL, Bonamy GMC, Wu T, Barnes SW, Bopp SE, 



 

	  
xix 

Borboa R, Bright AT, Che J, Cohen S, Dharia N V, Gagaring K, Gettayacamin M, 

Gordon P, Groessl T, Kato N, Lee MCS, McNamara CW, Fidock D a, Nagle A, Nam 

T-G, Richmond W, Roland J, Rottmann M, Zhou B, Froissard P, Glynne RJ, Mazier 

D, Sattabongkot J, Schultz PG, Tuntland T, Walker JR, Zhou Y, Chatterjee A, 

Diagana TT, Winzeler E a. 2011. “Imaging of Plasmodium Liver Stages to Drive 

Next-Generation Antimalarial Drug Discovery.” Science (New York, N.Y.) 

1372(2011), Bopp, S. E. R., Manary, M. J., Bright, A. T., Johnston, G. L., Dharia, N. 

V, Luna, F. L., McCormack, S., Plouffe, D., McNamara, C. W., Walker, J. R., Fidock, 

D. a, Denchi, E. L. & Winzeler, E. a. (2013). Mitotic Evolution of Plasmodium 

falciparum Shows a Stable Core Genome but Recombination in Antigen Families. 

PLoS genetics 9, e1003293, McCarthy, JS, Griffin, PM, Sekuloski, S, Bright, AT, 

Rockett, R, Looke, D, Elliott, S, Whiley, D, Sloots, T, Winzeler, EA, Trenholme, KR. 

“Experimentally Induced Blood-Stage Plasmodium vivax Infection in Healthy 

Volunteers.” Journal of Infectious Disease. The dissertation author was a contributing 

investigator and author to these papers. 

  



 

	  
xx 

VITA 

EDUCATION 

University of California, San Diego Ph.D. 2013 Biomedical Sciences 

Princeton University A.B. 2005 Molecular Biology 

RESEARCH EXPERIENCE 

2007-2013 Graduate Student, Biomedical Sciences Program, University of 
California, San Diego, La Jolla, CA 

 Developed whole genome capture protocol for Plasmodium vivax that allows whole 
genome sequencing of the malaria parasite direct from patient whole blood samples. 
Developed distributed whole genome sequencing analysis pipeline for identification 
of SNVs and indels. 

2011-2012 Consultant, Leishmania Skin Test Antigen Program, Allermed, San 
Diego, CA 

 Conducted proteomics analysis of the Leishmania Skin Test Antigen product as part 
of a pre-Phase IIB filing with the FDA. Goal of the project was to identify the major 
functional antigens within the diagnostic test. 

2008-2011 Visiting Scientist, The Genomics Institute of the Novartis Research 
Foundation, San Diego, CA 

 Completed whole genome sequencing analysis of in vitro derived drug resistant 
malaria strains as part of pre-clinical research aimed at developing novel anti-
malarials. 

2005-2007 Research Associate, Department of Pathology, The Medical College of 
Virginia at Virginia Commonwealth University, Richmond, VA 

 Investigated telomerase as a target for adjuvant therapy to standard breast cancer 
therapy in a genetic deletion model. 

PROFESSIONAL EXPERIENCE AND SERVICE 

2012-2013 Graduate Student, Department of Pediatrics, University of California, 
San Diego, La Jolla, CA 

2012 Vice President of Campus Affairs, Graduate Student Association, 
University of California, San Diego, La Jolla CA 

2011-2012 Vice President of Auxiliary Business, Graduate Student Association, 
University of California, San Diego, La Jolla CA 

2010- Young Alumni Chair, Princeton Club of San Diego, San Diego CA 
2010-2011 President, UCSD Biomedical Sciences Graduate Student Council, 

University of California, San Diego, La Jolla CA 
2009-2011 Vice President of Finance, Graduate Student Association, University of 

California, San Diego, La Jolla CA 
2008-2012 Graduate Student, Department of Genetics, The Scripps Research 

Institute, La Jolla, CA 



 

	  
xxi 

2008 Co-founder, UCSD Biomedical Sciences Graduate Student Council, 
University of California, San Diego, La Jolla CA 

2004-2005 Research Assistant, Department of Ecology and Evolutionary Biology, 
Princeton University, Princeton, NJ 

2004-2005 Undergraduate Student, Department of Molecular Biology, Princeton 
University, Princeton, NJ 

2001-2003 Research Assistant, Department of Pathology, The Medical College of 
Virginia at Virginia Commonwealth University, Richmond, VA 

2000 Research Assistant, PPD Pharmaceutical, Richmond, VA 
 
PUBLICATIONS 

Bright AT, Tewhey R, Abeles S, Chuquiyauri R, Llanos-Cuentas A, Ferreira MU, 
Schork NJ, Vinetz JM, Winzeler EA. 2012. “Whole genome sequencing analysis of 
Plasmodium vivax using whole genome capture.” BMC genomics 13(1): 262. 

Meister S, Plouffe DM, Kuhen KL, Bonamy GMC, Wu T, Barnes SW, Bopp SE, 
Borboa R, Bright AT, Che J, Cohen S, Dharia N V, Gagaring K, Gettayacamin M, 
Gordon P, Groessl T, Kato N, Lee MCS, McNamara CW, Fidock D a, Nagle A, Nam 
T-G, Richmond W, Roland J, Rottmann M, Zhou B, Froissard P, Glynne RJ, Mazier 
D, Sattabongkot J, Schultz PG, Tuntland T, Walker JR, Zhou Y, Chatterjee A, 
Diagana TT, Winzeler E a. 2011. “Imaging of Plasmodium Liver Stages to Drive 
Next-Generation Antimalarial Drug Discovery.” Science (New York, N.Y.) 
1372(2011). 

Bright AT and Winzeler EA. 2011. “Noncoding RNA, antigenic variation, and the 
virulence genes of Plasmodium falciparum.” BMC biology 9: 50. 

Dharia N V, Bright AT, Westenberger SJ, Barnes SW, Batalov S, Kuhen K, Borboa R, 
Federe GC, McClean CM, Vinetz JM, Neyra V, Llanos-Cuentas A, Barnwell JW, 
Walker JR, Winzeler EA. 2010. “Whole-genome sequencing and microarray analysis 
of ex vivo Plasmodium vivax reveal selective pressure on putative drug resistance 
genes.” Proceedings of the National Academy of Sciences of the United States of 
America 107(46): 20045–50. 

Dvorin JD, Martyn DC, Patel SD, Grimley JS, Collins CR, Hopp CS, Bright AT, 
Westenberger S, Winzeler E, Blackman MJ, Baker DA, Wandless TJ, Duraisingh MT. 
2010. “A Plant-Like Kinase in Plasmodium falciparum Regulates Parasite Egress from 
Erythrocytes.” Science 328(5980): 910–912. 
Chow OA, Von Köckritz-Blickwede M, Bright AT, Hensler ME, Zinkernagel AS, 
Cogen AL, Gallo RL, Monestier M, Wang Y, Glass CK, Nizet V. 2010. “Statins 
enhance formation of phagocyte extracellular traps.” Cell host & microbe 8(5): 445–
54. 



 

	  
xxii 

Poynter KR, Sachs PC, Bright AT, Breed MS, Nguyen BN, Elmore LW, Holt SE. 
2009. “Genetic inhibition of telomerase results in sensitization and recovery of breast 
tumor cells.” Molecular cancer therapeutics. 
Di X, Bright AT, Bellott R, Gaskins E, Robert J, Holt S, Gewirtz D, Elmore L. 2008. 
“A chemotherapy-associated senescence bystander effect in breast cancer cells.” 
Cancer biology & therapy 7(6): 864–72. 

Elmore L, Norris MW, Sircar S, Bright AT, McChesney PA, Winn RN, Holt SE. 
2008. “Upregulation of telomerase function during tissue regeneration.” Experimental 
biology and medicine (Maywood, N.J.) 233(8): 958–67. 
Elmore LW, Forsythe R, Forsythe H, Bright AT, Nasim S, Endo K, Holt SE. 2008. 
“Overexpression of telomerase-associated chaperone proteins in prostatic 
intraepithelial neoplasia and carcinomas.” Oncology reports 20(3): 613–7.  
TEACHING EXPERIENCE 
2010 Course Director, Biomedical Sciences Minor Proposal Preparation 

Course, University of California, San Diego, La Jolla CA 
 

 



 

	  
xxiii 

 
 
 
 
 
 
 

ABSTRACT OF THE DISSERTATION 
ABSTRACT OF THE DISSERTATION 

 
 
 

Whole Genome Analysis of the Human Malaria Parasites Plasmodium vivax and P. 
falciparum 

 
 
 

by 
 
 
 

Andrew Taylor Bright 
 
 
 

Doctor of Philosophy in Biomedical Sciences 
 
 
 

University of California, San Diego, 2013 
 
 
 

Professor Elizabeth A. Winzeler, Chair 
Professor Joseph M. Vinetz, Co-Chair 

 

Plasmodium vivax causes 25-40% of malaria cases worldwide, yet research on 

this human malaria parasite has been neglected. Nevertheless, the recent publication of 

the P. vivax reference genome now allows genomics and systems biology approaches 

to be applied to this pathogen. We show here that whole genome analysis of the 
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parasite can be achieved directly from ex vivo-isolated parasites, without the need for 

in vitro propagation. Additionally, we show that in-solution hybridization capture can 

be used to extract P. vivax DNA from human contaminating DNA in the laboratory 

without the need for on-site leukocyte filtration. Utilizing a whole genome capture 

method, we were able to enrich P. vivax DNA from bulk genomic DNA from less than 

0.5% to a median of 55% (range 20%-80%). This level of enrichment allows for 

efficient analysis of the samples by whole genome sequencing and does not introduce 

any gross biases into the data. 

These techniques were subsequently used to investigate the dormant hepatic 

stages, known as hypnozoites, in P. vivax. This unique parasite stage is an important 

reservoir of infection and a critical barrier to malaria eradication. At present there are 

no biomarkers to identify this tissue stage and estimates of the prevalence of infections 

due to hypnozoites are confounded by the inability to distinguish between new and 

relapsing infection. Here we performed whole genome sequencing of consecutive P. 

vivax relapse infections using material from a patient who experienced three episodes 

of P. vivax malaria over 33 months in a non-endemic country. Based on patient 

medical history and analysis of single nucleotide variants (SNV), it was determined 

that two of the infections were caused by reactivation of single hypnozoites. We 

observe that the three recurring infections were caused by meiotic siblings. This 

indicates that a single sexual cross in the mosquito is capable of creating multiple 

distinct parasite populations, thus definitively demonstrating that the result of parasite 
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sexual replication and meiosis in the mosquito, the oocyst, is comprised of parasites 

descended from a single tetrad. 
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CHAPTER 1 - INTRODUCTION 

BACKGROUND AND SIGNIFICANCE 

Global impact of the malaria parasite.  

Malaria is caused by eukaryotic obligate intracellular parasites of the genus 

Plasmodium. There are an estimated 300 - 450 million cases of malaria each year with 

approximately 1.24 million deaths, with a majority of deaths occurring in children 

under five living in sub-Saharan Africa (Murray et al., 2012; Snow, Guerra, Noor, 

Myint, & Hay, 2005). In addition, 3.3 billion people (half of the global population) are 

at risk of malaria infection making malaria one of the leading causes of mortality and 

morbidity worldwide (C. A. Guerra et al., 2010; Hay et al., 2010). Five Plasmodium 

species cause malaria in humans. Four of these species (Plasmodium falciparum, P. 

vivax, P. malariae, P. ovale) can be transmitted between human hosts via an 

Anopheles mosquito vector while P. knowlesi is a zoonotic infection. Of the main 

malaria causing species, P. falciparum is the cause of the vast majority of cases, and 

also the predominant cause of death, while P. vivax is the most widespread and also an 

important pathogen due to unique biological attributes (Winzeler, 2008). 

 

Lifecycle of the malaria parasite.  

Plasmodium parasites have a complex lifecycle that involves both asexual 

reproduction in the human host and sexual reproduction in the mosquito vector (Figure 

1).  
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Malaria parasites are transmitted to humans by the bite of an infected female 

Anopheline mosquito. Once injected into the human host, the infective sporozoites 

navigate to the liver and infect hepatocytes. In the liver cell, the sporozoites divide 

into thousands of merozoites, and, after 10-14 days, the merozoites emerge from the 

infected hepatocytes and begin the symptomatic blood stage infection. Each merozoite 

is capable of infecting an erythrocyte where it will go though a highly coordinated 

development cycle. During the first development stage (0-24 hours post infection 

(hpi)), known as the ring stage, the parasite extensively remodels the infected red 

blood cell (iRBC) and exports a number of cytoadherence proteins to the erythrocyte 

surface. In P. falciparum, these proteins can cause iRBCs to adhere to blood vessels in 

the brain and lungs in later stages and are a leading cause of mortality. During the 

trophozoite (or feeding stage (24-36 hpi)), the parasite breaks down hemoglobin and 

undergoes DNA replication. Next the parasite enters the schizont stage (36-48 hpi) 

where it undergoes schizogeny and forms 8-32 daughter merozoites. These daughter 

merozoites rupture the iRBC and invade new erythrocytes beginning the 

intraerythrocytic developmental cycle (IDC) again. The majority of classic malaria 

symptoms (fever, chills, headache, nausea) occur when the parasites rupture and 

emerge from the red blood cells. 

 

Through an unknown trigger and mechanism, some merozoites will 

differentiate into sexual stage gametocytes. When male and female gametocytes are 

taken up by a female Anopheline mosquito during a blood meal, they further 
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differentiate into male and female gametes and undergo sexual reproduction forming a 

zygote and then ookinete. The ookinete penetrates through the wall of the mosquito 

midgut forming an oocyst, where it will divide into thousands of infective sporozoites. 

After 7-10 days the oocyst ruptures, and the sporozoites migrate to the mosquito’s 

salivary glands ready to begin the cycle again.  

 

Historical global distribution of the malaria parasite 

Malaria endemicity at present is largely confined to tropical and sub-tropical 

due mainly to the ability of the Anopheles vectors to thrive in these warm, wet 

environments. The current state of affairs, though, is a relatively recent development 

and up until shortly after the Second World War, malaria was present either 

endemically or as seasonal epidemics at more extreme latitudes. Malaria epidemics 

were common up and down the eastern seaboard of the United States and have also 

been reported as far north as Finland. Malaria in these areas was caused predominantly 

by P. vivax although P. falciparum epidemics imported from tropical areas via trade 

were also common. 

 

After World War II, a concerted effort was made to eliminate malaria from 

Europe and the United States and in 1955 the newly formed World Health 

Organization (WHO) organized the Global Malaria Eradication Program (GMEP). In 

the United States the efforts to eliminate malaria consisted mainly of vector control 

strategies, such as the application of DDT and the drainage of mosquito breeding 
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areas, and was coordinated by the Centers for Disease Control and Prevention (CDC). 

By 1949, malaria was declared to no longer be a public health threat in the United 

States and by 1952 the CDC had concluded malaria elimination efforts. 

 

The GMEP directed by the WHO also had great initial success and was quickly 

able to push back the limits of endemic malaria to the tropical areas where it is still 

present today. Ultimately the efforts to eradicate malaria floundered as control 

strategies in sub-tropical and tropical areas were hampered by a lack of political will, a 

dearth of funds, vector resistance to and environmental concerns about DDT, and 

emerging parasite resistance to frontline anti-malarials, most importantly chloroquine. 

The GMEP ultimately ended in 1969 having eliminated malaria from many areas but 

never even attempting elimination in Africa and having fallen far short of the goal of 

eradication (Litsios, 1996). 

 

In the 1970’s and 1980’s resources for malaria control were relatively 

unavailable leading to a resurgence of malaria in sub-tropical and tropical areas that 

had been able to establish some semblance of control over the parasite during the 

GMEP. Although malaria was not able to reestablish itself in more temperate climates, 

the drug resistance parasites that began to spread around the world represented a new, 

and arguably greater, public health threat. Throughout the last decade of the 20th 

century and the first decade of the 21st century, this new threat has been increasingly 

recognized and interest in tackling malaria has been reignited. The new efforts are 
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being spearheaded by both government entities and well-funded philanthropic 

organizations such as the Bill and Melinda Gates Foundation. 

 

As new sources of funding are being poured into malaria research and control 

strategies, and there are even calls for a new eradication project, the task at hand is 

still daunting. P. falciparum is still rampant throughout sub-Saharan Africa as well as 

present throughout South and Southeast Asia and South America (Figure 2). P. vivax 

has a similar distribution as its more lethal cousin and is the predominant malaria 

causing species outside of Africa (Figure 3). The lack of P. vivax cases in most of sub-

Saharan Africa (shown by the hashes in Figure 3) is due to a genetic sweep in the 

human population in this area that removed the critical Duffy-binding receptor that is 

required for P. vivax invasion of erythrocytes. In addition, one can see that P. vivax is 

able to extend into higher latitudes, such as China, as compared to P. falciparum. 

 

Disease burden due to Plasmodium vivax.  

The global burden of P. vivax is being increasingly reevaluated. While not 

responsible for as much mortality as P. falciparum, P. vivax leads to substantial 

morbidity that disrupts both economic and educational opportunities for those living in 

endemic areas (Price et al., 2007). In addition the severity of P. vivax is being 

reassessed as more severe and fatal cases are being identified and drug resistant strains 

are being discovered (J Kevin Baird, 2009; Emiliana Tjitra et al., 2008)(J Kevin Baird, 

2009; Emiliana Tjitra et al., 2008). Along with the fact that P. vivax has a large 
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socioeconomic burden and that severe P. vivax is becoming increasingly recognized, 

P. vivax has a wider range than P. falciparum due to unique aspects of its biology (see 

below). 2.85 billion people live in P. vivax endemic areas with the vast majority of 

these people living in Central and Southeast Asia (specifically India), but sizable at 

risk populations also exist in Central and South America and certain parts of East 

Africa (C. A. Guerra et al., 2010). P. vivax is thus a substantial threat to almost half 

the world's population, and the lack of knowledge surrounding the mechanisms of 

even the most basic biological functions limits the ability to design appropriate control 

strategies. 

 

Plasmodium vivax biology.  

P. vivax has a number of unique biological features as compared to P. 

falciparum. First, and most important to human disease, P. vivax is capable of forming 

dormant liver stage forms known as hypnozoites. Hypnozoites are capable of causing 

infection, known as relapse, weeks to months to even two to three years later 

(Garnham, 1987). These dormant liver stage forms are thus a barrier to elimination of 

malaria in areas where P. vivax is prevalent since they create an asymptomatic 

reservoir. In addition, hypnozoites allow for the reintroduction of malaria to areas that 

have already eliminated the disease through migration of asymptomatic carriers 

requiring continuous surveillance even after a country has eliminated malaria (C. A. 

Guerra et al., 2010). Currently almost nothing is known about the mechanisms 

underlying hypnozoite formation, and better understanding of the biology of 
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hypnozoites is crucial to malaria control strategies.  

 

In addition to forming hypnozoites, P. vivax is able to undergo sporogony 

(formation of sporozoites in the mosquito) at lower temperatures (Nikolaev, 1935). 

This biological trait, combined with hypnozoite formation, allows P. vivax to survive 

at high latitudes and, therefore, it has a much wider range than P. falciparum (Figure 

3) (C. A. Guerra et al., 2010). 

 

P. vivax also displays different host cell tropism, preferentially infecting 

reticulocytes, as compared to P. falciparum which infects all erythrocytes equally 

(Galinski & Barnwell, 1996). In addition, P. vivax does not sequester or rosette like P. 

falciparum leading to much less mortality from vascular obstruction (L. H. Miller, 

Baruch, Marsh, & Doumbo, 2002). In contrast severe disease in P. vivax is caused by 

anemia and respiratory distress (Price et al., 2007), and emerging drug resistance is 

exacerbating disease severity (E Tjitra et al., 2008). 

 

Limits to investigating P. vivax biology.  

Currently the unique biological aspects of P. vivax prevent laboratory 

investigation of this critical human pathogen. There is as yet no reliable long term in 

vitro culture method, a technique that has been available for the study of P. falciparum 

for over 30 years (Trager & Jensen, 1977). The reason for this is believed to be the 

inability to obtain blood enriched for reticulocytes, the preferential host cell for P. 
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vivax. Lack of a reproducible in vitro culture method has severely limited the types of 

questions that can be answered about P. vivax biology. 

 

Using whole genome sequencing to overcome barriers to understanding P. vivax.  

We believe the advent of low-cost whole genome technologies will be able to 

circumvent the difficulties in working with this parasite to better understand P. vivax 

field populations as well as to identify genes involved in hypnozoite formation, drug 

resistance, and immune evasion. Because of the lack of an in vitro culture system, 

classical forward genetic studies, such as knockouts and crosses, are not possible. New 

whole genome sequencing technologies are now cheap and powerful enough to be 

able to sequence hundreds of samples from different geographic locations and thus 

take advantage of the thousands of natural crosses that occur each day (reverse 

genetics).  

 

In order to undertake these large-scale association studies, the population 

structure of the parasite population must first be known to prevent identification of 

spurious associations. Previous studies investigating P. vivax genetic diversity have 

used a maximum of 16 microsatellites as the marker of choice, but these markers are 

too sparse within the genome to do much more than identify parasite populations 

(Gunawardena et al., 2010; Karunaweera et al., 2008; Rezende et al., 2009; Peter Van 

den Eede et al., 2010). Results from these studies on the local level have shown that 

there is a high degree of genetic differentiation, especially in the Peruvian Amazon, 
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suggestive of transmission occurring in clusters (Peter Van den Eede et al., 2010). In 

contrast to the studies looking at local populations, worldwide genetic diversity studies 

have found that parasites do not cluster into distinct populations based on geographic 

location as would be expected (Gunawardena et al., 2010; Karunaweera et al., 2008). 

A number of hypotheses, usually focusing on hypnozoite effects on population 

structure, exist as to why previous investigations have obtained conflicting results, but 

the fact remains that relatively little is known about P. vivax population structure and 

genetic diversity and the predominant reason for this paucity of knowledge is the lack 

of a diverse and dense set of genetic markers. 

 

To investigate whether whole genome technologies, specifically whole genome 

sequencing, could be used to obtain a map of single nucleotide variants (SNVs) from 

parasites in patient samples, we first compared whole genome sequencing to a custom 

whole genome tiling microarray with which we had much previous experience. The 

results of this initial study are presented below. 

 

In the subsequent chapters, I explore how I have developed whole genome 

sequencing assays and analysis to start to investigate the biology of P. vivax and 

specifically the critical hypnozoite stage and drug resistance to primaquine (the only 

approved anti-hypnozoite) and chloroquine. The bioinformatics techniques developed 

as part of this work are genome agnostic, and thus I have been able to apply them to 

investigating laboratory strains of P. falciparum. This work has been done in 
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conjunction with colleagues looking at in vitro derived drug resistance for new anti-

malarials in the development pipeline as well as investigating the mutation rate of the 

parasite in vitro. These results are briefly summarized with an emphasis on how the 

whole genome sequencing results were able to drive a better understanding of the 

underlying biology. 

 

And, finally, I conclude by looking at where whole genome sequencing 

analysis will be going in the future specifically with regards to infectious disease and 

microbial research. To this end I briefly explore some preliminary work integrating 

SNV calling with population genetics analyses as well as lay out the next steps 

required for whole genome sequencing analysis after SNV calling. 

 

The first critical step to all of this, though, was to actually show that whole 

genome sequencing could be used to identify SNVs in patient samples, and the 

publication demonstrating the validity of our general approach is presented as the 

remainder of this first chapter. 

ABSTRACT  

Plasmodium vivax causes 25-40% of malaria cases worldwide, yet research on 

this human malaria parasite has been neglected. Nevertheless, the recent publication of 

the P. vivax reference genome now allows genomics and systems biology approaches 

to be applied to this pathogen. We show here that whole genome analysis of the 

parasite can be achieved directly from ex vivo-isolated parasites, without the need for 
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in vitro propagation. A single isolate of P. vivax obtained from a febrile patient with 

clinical malaria from Peru was subjected to whole genome sequencing (30X 

coverage). This analysis revealed over 20,297 single nucleotide polymorphisms 

(SNPs), 6,257 of which were further validated using a tiling microarray. Within core 

chromosomal genes we find that one SNP per every 985 bases of coding sequence 

distinguishes this recent Peruvian isolate, designated IQ07, from the reference Sal1 

strain obtained in 1970. This full-genome sequence of a P. vivax isolate, the second 

overall and first of an uncultured patient isolate, shows that the same regions with low 

numbers of aligned sequencing reads are also highly variable by genomic microarray 

analysis. Finally, we show that the genes containing the largest ratio of 

nonsynonymous to synonymous SNPs encode two AP2 transcription factors and the P. 

vivax multidrug resistance-associated protein (PvMRP1), an ABC transporter shown 

to be associated with quinoline and antifolate tolerance in P. falciparum. This analysis 

provides a new data set for comparative analysis with important potential for 

identifying markers for global parasite diversity and drug resistance mapping studies. 

INTRODUCTION 

Malaria research has tended to neglect Plasmodium vivax, the cause of 25-40% 

of malaria cases worldwide (Mendis, Sina, Marchesini, & Carter, 2001). Global 

eradication of malaria will depend on having effective therapies against this parasite 

but experimental work is hampered by the lack of in vitro cultivation methods 

necessary for propagation and experimental manipulation (Price et al., 2007).  
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Recent developments have increased the priority of studying P. vivax. First, 

recent reports indicate that severe vivax malaria occurs and is understudied (Genton et 

al., 2008; Kochar et al., 2009; Emiliana Tjitra et al., 2008). Second, as happened 

previously with P. falciparum, chloroquine-resistant and multidrug-resistant P. vivax 

strains are emerging (Sharrock et al., 2008; Emiliana Tjitra et al., 2008; Vinetz, 2006). 

P. vivax also appears increasingly resistant to or tolerant of primaquine, the only 

licensed antimalarial that can eliminate the latent liver-stage hypnozoites (Krudsood et 

al., 2008). The latent hypnozoites prevent clearing of P. vivax malaria by 

schizonticidal drugs and result in recurrent relapses. Loss of primaquine as an 

effective hypnozoite treatment will hamper eradication efforts; understanding and 

monitoring emerging resistance is imperative. 

 

Because P. vivax cannot be easily propagated in vitro, obtaining genomic DNA 

sufficient for whole genome studies is difficult and in the past has required primate 

infections. Genome sequencing efforts required P. vivax isolate Salvador I (Sal1) to be 

amplified in primates to generate enough genomic DNA for sequencing at 10X 

coverage. The current assembly includes 14 chromosomes (22.6 Mb) and ~2700 small 

contigs (4.3 Mb) mostly consisting of unassembled subtelomeric sequences (Carlton, 

Escalante, Neafsey, & Volkman, 2008). Additional sequencing of worldwide isolates 

of P. vivax has been approved at sequencing centers (Carlton, Escalante, et al., 2008), 

but the necessity of maintaining parasites in infected primates greatly limits the 

number of samples available. Although the availability of the genome sequence 
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provides new opportunities to discover drug and vaccine targets and to perform gene 

expression (Bozdech et al., 2008; Westenberger et al., 2010) and proteomic studies, 

the lack of worldwide genetic diversity data has hampered population studies. At 

present many P. vivax studies still rely on a small set of polymorphic antigens such as 

circumsporozoite protein, merozoite surface proteins, and apical membrane antigen 

(AMA-1) to assess diversity (Aresha et al., 2008; Cui et al., 2003; J. R. Kim et al., 

2006; Moon et al., 2009; Mueller, Kaiok, Reeder, & Cortes, 2002; Zakeri, Motmaen, 

Afsharpad, & Djadid, 2009). While these single gene approaches are often sufficient 

for determining polyclonal infections, they are not the ideal markers for studying 

parasite genetic diversity because they are highly variable. For this reason, 

microsatellite markers have been developed for population genetics studies 

(Gunawardena et al., 2010; Orjuela-Sanchez et al., 2009; P Van den Eede et al., 2010) 

although a suitable density of markers is not available to infer genes involved in drug 

resistance.  

 

New cost-effective and rapid whole genome sequencing technologies are 

available that allow 30-100X coverage of the P. vivax genome. The central question is 

whether such methods can be used directly on patient samples with a high degree of 

accuracy. Here, we report whole genome sequencing results with 30X coverage of a P. 

vivax isolate obtained directly ex vivo without further propagation in vitro or in 

monkeys. In addition to whole genome sequencing, the parasite isolate was analyzed 

using a whole genome tiling microarray (N V Dharia et al., 2009; Westenberger et al., 
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2010). Our studies provide thousands of cross-validated polymorphisms in this 

Peruvian isolate of P. vivax applicable to analysis of genetic diversity in P. vivax and 

identify highly variable genes, such as P. vivax multidrug resistance protein (pvmrp1, 

PVX_097025), that may be under immune or drug pressure. Further characterization 

of these highly variable genes could help identify drug resistance genes as well as new 

vaccine candidates. 

RESULTS 

Full genome analysis of a patient isolate.  

The initial objective of this study was to determine the feasibility of analyzing 

the complete genome of a P. vivax isolate obtained directly ex vivo from an infected 

human. Infected erythrocytes from a 5 ml blood sample were obtained from a smear 

positive acutely febrile patient with uncomplicated P. vivax malaria in Iquitos, Peru in 

April 2007; parasitemia was estimated at ~1.9% by light microscopy, high for P. vivax 

malaria. The blood sample was passed over a CF11 leukocyte depletion filter and total 

genomic DNA was extracted from the patient isolate (IQ07). Nested PCR showed no 

co-infection with P. falciparum and msp3-α PCR-RFLP genotyping confirmed the 

infection to be mono-allelic at this locus (Bruce et al., 2000). Total genomic DNA was 

subjected to whole genome amplification and amplified DNA was sequenced using the 

Illumina genome analyzer platform (Zhou et al., 2008). We obtained 58 million reads 

with an average read length of 40 bases. Average genome coverage was 30X although 

coverage was variable in subtelomeric regions and in members of multigene families 

due to poor current assembly of these areas (Figure 4). Analysis of the sequencing 
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results indicated that the leukocyte depletion step increased the number of parasites 

per leukocyte 10-fold (Table 1) thereby reducing human DNA contamination and 

allowing analysis of the P. vivax genome. 

 

Sequencing reveals tens of thousands of mutations.  

A major aim of resequencing in malaria parasites is to find SNPs that can be 

used to reveal genes under immune or drug selection or to find markers for population 

genetic studies. IQ07 isolate reads were aligned to the 14 assembled P. vivax 

chromosomes using Bowtie (Langmead, Trapnell, Pop, & Salzberg, 2009), and SNPs 

relative to the Sal1 reference strain were called using Maq (H. Li, Ruan, & Durbin, 

2008). We limited our analysis to those SNPs with unambiguous base change calls and 

that were covered by three or more reads. The resulting high confidence SNP set 

consisted of 20,297 SNPs (Dataset S1) which had a SNP rate of 1.0 SNPs per 1000 

bases, similar to rates observed between clones of P. falciparum isolated from 

different regions (Zhou et al., 2008). 

 

We next sought to cross-validate the SNPs predicted by sequencing using a 

high density P. vivax tiling microarray (Westenberger et al., 2010). Microarrays are 

less expensive and simpler to use than whole genome sequencing, and thus may 

represent a valuable alternative approach to direct sequencing for assessing diversity 

in field isolates. Microarrays have the additional advantage that they are better able to 

detect deletions and copy number variants within a species whose genome mappability 
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is unknown. In order to assess genetic diversity by microarray, we used the same 

whole genome amplified DNA from IQ07 described above as well as amplified pure 

Sal1 genomic DNA. The patient-derived isolate showed mean and median 

hybridization intensities for human-specific probes at only slightly higher levels than 

background but with a significantly different distribution (Kolmogorov-Smirnov test p 

value 7.4×10-40) (Figure 5). This result along with our sequencing data indicated that 

leukocyte depletion, while not 100% effective, resulted in a large reduction of 

contaminating human DNA in the patient-derived sample. 

 

The algorithms designed for analysis of our P. falciparum microarray (N V 

Dharia et al., 2009) were extended to analyze hybridizations of genomic DNA to the 

P. vivax array. Despite the lower probe density of 6-base pair spacing compared to our 

P. falciparum array with 2 to 3-base pair spacing, we observed clear signals for 

polymorphisms. The appearance of SNPs in the genomic DNA of the patient-derived 

isolate compared to the reference strain resulted in hybridization intensities that were 

lower in the patient isolate than the reference. The log of the ratio of intensities of the 

patient isolate IQ07 to the reference strain Sal1 was analyzed using a one-tailed z-test, 

and an F-test was used to predict the base pair position of the polymorphism as 

described previously (N V Dharia et al., 2009). We classified probes with a z-test p 

value of less than 1×10-15 as highly likely to contain mutations in the isolate, resulting 

in a total of 8,118 predicted polymorphisms. A lower threshold of 1×10-5 detected 

31,018 polymorphisms. Using the high stringency cutoff, our microarray was able to 
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achieve a SNP detection rate of 33.6% with a false discovery rate of 1.9% (Table 2, 

Supporting Information), thus validating thousands of SNPs that can be used in 

genetic diversity studies. The 20,297 SNPs identified with high confidence from 

sequencing and the 8,118 SFPs identified by microarray were used for further analysis 

presented below. 

 

Using a stringent p value of 1×10-15 allowed us to detect polymorphisms with 

high confidence but likely under estimated the number of polymorphisms per gene as 

evidenced by more SNPs being identified by sequencing than microarray 

polymorphisms for most genes (Dataset S2). It is interesting to note, however, that for 

highly variable genes, we found more polymorphisms by microarray than by 

sequencing. For example, we found 51 polymorphisms by microarray but only 8 SNPs 

by sequencing in one msp3 gene (PVX_097685), 107 but only 5 in the reticulocyte 

binding protein 2 precursor (PVX_090325), and 41 but only 5 in reticulocyte-binding 

protein 1 (PVX_098585), respectively. These genes, which often contain low 

complexity regions, are more likely to bear small insertion/deletion events within their 

sequences (Amodu, Hartl, & Roy, 2008) that may compromise alignments and may 

account for a lower number of reads. Thus, our data demonstrates that our dual 

approaches for polymorphism detection are complementary and that SNPs are likely to 

be systematically underestimated for the most variable genes. 
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High level of mutations in multigene families.  

In P. falciparum, members of multigene families play roles in antigenic 

variation, as only some members of a multigene family may be expressed while the 

rest are transcriptionally silenced (Scherf et al., 1998; X. Z. Su et al., 1995). In both P. 

vivax and P. falciparum, these genes are clustered in specific regions of the genome 

(Carlton, Adams, et al., 2008; Gardner et al., 2002). It is known based on work in P. 

falciparum (Kidgell et al., 2006) and in P. vivax (Merino et al., 2006) that members of 

multigene families are genetically variable, and, as expected, both sequencing and 

microarray analysis identified exceptionally high levels of genetic variability in 

members of multigene families in our P. vivax patient-derived isolate (Figure 6 and 

Table 3). In isolate IQ07, 8.13%, 2.14% and 6.16% of unique probes that map to 

annotated chromosomal msp3-a (12 genes), msp7 (11 genes) and vir (87 genes with 

probes) gene families, respectively, were called as polymorphic by our algorithm 

using a p value cutoff of 1×10-15. In contrast, only 0.25% of probes that map to genes 

that fell outside of recognizable gene families were considered polymorphic using the 

same p value cutoff. Similarly, by sequencing the msp3, msp7 and vir gene families 

had SNP rates of 13.42%, 3.73% and 2.53%, respectively; other genes had a SNP rate 

of 0.06%. Other multigene families such as the serine-repeat antigen (SERA) family 

and the P. vivax tryptophan rich antigen family (Pv-fam-a) showed high levels of 

sequence variability with both methods (Table 3).  
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Genes under selection.  

Our work with laboratory-evolved P. falciparum has shown that in vitro drug 

pressure can rapidly select for multiple independent coding mutations specifically in 

genes encoding enzymes or transporters involved in drug resistance (Rottmann et al., 

2010a). Although one mutation may help the parasite evade a drug, a compensatory 

mutation at an unrelated site in the same protein may also be needed to help to 

stabilize the protein’s structure or improve its catalytic efficiency. This pattern has 

been observed by sequencing field isolates as well (Daniel C Jeffares et al., 2007; 

Sarah K Volkman et al., 2007). There are many more SNPs (12 nonsynonymous and 

zero synonymous) in the chloroquine resistance transporter (pfcrt) in assorted P. 

falciparum isolates relative to what would be expected by chance without considering 

the resistance or sensitivity phenotype (Daniel C Jeffares et al., 2007; Sarah K 

Volkman et al., 2007). Indeed, after excluding non-conserved, membrane-localized or 

antigenic proteins pfcrt remains one of the most variable in the P. falciparum genome 

(Daniel C Jeffares et al., 2007; Kidgell et al., 2006; Sarah K Volkman et al., 2007). 

Thus well-characterized genes conserved across species with higher rates of 

nonsynonymous SNPs will often have roles in drug resistance. We therefore examined 

the group of genes that showed the highest rates of nonsynonymous SNPs in our 

isolate relative to Sal1. Altogether, 30 genes showed 6 or more nonsynonymous 

mutations and a ratio of nonsynonymous to synonymous SNPs greater than or equal to 

6 with at least 3 sequencing reads (Table 4). The group included a reticulocyte binding 

protein, ama-1, several transcription factors, and merozoite surface protein 5. 
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Additionally, the group contained PVX_097025, an ABC transporter that bears seven 

nonsynonymous SNPs and no synonymous SNPs, a ratio substantially greater than the 

expected rate for a conserved, non-hypothetical gene (Figure 7 and Table 4). The 

syntenic P. falciparum gene, also showing the greatest sequence homology, is the 

multidrug resistance protein 1 (PFA0590w, PfMRP1, BlastP p < 10-300), which has 

been associated with quinoline resistance (Klokouzas et al., 2004; Jianbing Mu et al., 

2003; Dipak Kumar Raj et al., 2009) and resistance to antifolates (Dahlstrom, Veiga, 

Martensson, Bjorkman, & Gil, 2009). Most of the substitutions are in sequences that 

are conserved across Plasmodium species (Figure 8) indicating their importance. 

Additioally, homology modeling based on the Staphylococcus aureus ABC transporter 

SAV1866, showed that half of the mapped SNPs were located in the transmembrane 

pore region of the transporter (Figure 9). Notably, P. falciparum knockout strains are 

also more sensitive to primaquine (Dipak Kumar Raj et al., 2009). Given the 

tremendous need for molecular markers that predict quinoline resistance in P. vivax 

these associations are worth investigating in more detail.  

 

Positive selection on transcription factors.  

Although mutations in the chloroquine resistance transporter (pvcrt-o) are not 

thought to be associated with chloroquine resistance (J Kevin Baird, 2009; Barnadas et 

al., 2008; Orjuela-Sanchez et al., 2009), increased expression of pvcrt-o has been 

found in chloroquine resistant P. vivax (Fernandez-Becerra et al., 2009). Additionally, 

we have found that the level of dihydrofolate reductase transcripts is substantially 
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higher in some P. vivax isolates relative to P. falciparum (Westenberger et al., 2010). 

Thus, transcription may play a role in drug resistance in P. vivax. We find that two 

AP2 transcription factors (De Silva et al., 2008) (PVX_083040 and PVX_123750) as 

well as the ADA2 transcription factor (PVX_094945) have unexpectedly high ratios of 

nonsynonymous to synonymous SNPs (Table 4). It is possible that changes in the 

amino acid sequence in these transcription factors could give increased expression of 

downstream targets, which might include drug resistance genes, and some of the 

identified SNPs fall within AP2 domains or putative regulatory sequences (Table 5). 

Indeed, the AP2 family of transcription factors was amongst the most variable classes 

of proteins in our analysis with an average of 4.38 SNPs per gene (Table 3) although 

their large size means that the number per base is not exceptional. Similar patterns are 

observed in P. falciparum in genes with AP2 domains; PF11_0442 bears 21 

nonsynonymous SNPs and 1 synonymous SNP, PFL1075w (ortholog of 

PVX_123750) has 28 and 3, and PF13_0235 (ortholog of PVX_083040) has 53 and 9. 

Data from mammalian genomes has indicated that evolution may be driven through 

the expansion and modification of transcription factors (Levine & Tjian, 2003), and it 

is not unreasonable to postulate that evolution to drug or host immune responses in 

malaria parasites may be driven by changes in transcription factors and their DNA 

binding domains. The genetic variability of transcription factors demonstrated here 

through whole genome analysis warrants further investigation of this hypothesis. 
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Drug resistance.  

Our Peruvian isolate is likely to have been subjected to 35 additional years of 

intensive, modern drug pressure relative to the Salvador I reference strain, which was 

isolated from a human in the La Paz region of El Salvador in 1972 (Collins, Contacos, 

Krotoski, & Howard, 1972). We therefore examined microarray and sequencing based 

variation in known resistance genes (Figure 7 and Table 6). Both methods identified a 

common mutation in South American pvdhfr (PVX_089950), S58R (Cui et al., 2005). 

We detected a strong signal for a mutation near codon 205 (M205I by sequencing) of 

pvdhps (PVX_123230), a location not previously described as polymorphic. We also 

found that IQ07 contains described mutations M908L, T958M and a synonymous 

mutation at codon 1022 in multi-drug resistance gene 1 (pvmdr1, PVX_080100) 

(Orjuela-Sanchez et al., 2009). Finally we detected a known mutation ~500 bp 

upstream of the start codon in the 5’ untranslated region of P. vivax chloroquine 

resistance transporter homolog (pvcrt, PVX_087980) (Cui et al., 2005) and a mutation 

~100bp into the first intron of the pvcrt gene. 

 

Identification of candidates for pre-erythrocytic vaccines.  

In P. falciparum, genes that produce the most abundant proteins in sporozoites 

have been investigated as novel vaccine candidates (Florens et al., 2002; Le Roch et 

al., 2003). In addition, these pre-erythrocytic vaccine candidates show evidence of 

higher than expected variability in P. falciparum (Kidgell et al., 2006). We thus sought 

to classify the most highly variable and highly expressed transcripts for the P. vivax 
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sporozoite stage (Table 7). Using recently published P. vivax sporozoite expression 

data (Westenberger et al., 2010), we identified abundantly-transcribed genes (>500 

units) whose expression peaked in sporozoites that also contained at least 3 SNPs (29 

genes). Included in the 29 genes were ama-1, maebl, and sporozoite surface protein 2 

(PVX_082735); all antigens that have been considered for pre-erythrocytic or blood 

stage vaccines in P. vivax (Herrera, Corradin, & Arevalo-Herrera, 2007). Further 

investigation of the other genes in this short list might reveal proteins useful as 

vaccine candidates, but further sequencing of additional isolates is needed to 

distinguish between genes variable because of immune selection versus random 

chance, especially for small genes. 

DISCUSSION 

We present here the second complete genome sequence of P. vivax, using 

methodological advances that make such genomic analysis available to small 

laboratories. The primary disadvantage of whole genome sequencing is that the 

downstream data analysis is not yet streamlined. While sequencing provides the 

precise base pair change of a polymorphism, our microarray-based method can 

produce a snapshot of polymorphisms in the P. vivax genome in under an hour of data 

analysis after an overnight hybridization. The techniques demonstrated here have 

utility in the field for answering fundamental, previously unaddressable questions 

about P. vivax population genetics and diversity. 
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Developing tools for studying genetic diversity directly from field samples in 

P. vivax is critical because it allows for the discovery and monitoring of genes 

involved in drug resistance as well as identifying potential vaccine candidates. Genetic 

diversity studies have been useful in P. falciparum for rapidly identifying genomic 

regions in linkage disequilibrium following selection for drug resistant parasites 

(Kidgell et al., 2006; Sarah K Volkman et al., 2007). Additionally, microarray-based 

genetic diversity studies of P. falciparum identified the amplification of GTP 

cyclohydrolase I (pfgch1, PFL1155w) and suggested it as a marker for antifolate 

resistance (Kidgell et al., 2006). These types of studies are particularly needed in P. 

vivax as there is evidence of the emergence of chloroquine resistance, widely used as 

first-line treatment, and the mechanisms of chloroquine action and resistance are 

fundamentally different than in P. falciparum (Sharrock et al., 2008). Once identified, 

the global geographic distribution of drug resistance genes can help inform treatment 

policy. In addition, genetic diversity studies can provide information on the variability 

of possible vaccine candidates as has been shown in P. falciparum (D C Jeffares et al., 

2007; Kidgell et al., 2006; Jianbing Mu et al., 2007; Sarah K Volkman et al., 2007). 

 

In our study, pvmrp1 contains one of the highest ratios of nonsynonymous to 

synonymous SNPs, suggesting positive selection. Studies of PfMRP1 have shown that 

one of its roles is to pump out glutathione (Dipak Kumar Raj et al., 2009). The killing 

effect of primaquine is thought to be through introducing oxidative damage to the 

mitochondria, and thus if parasites showed an improved ability to export glutathione 
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adducts, tolerance might be expected. In addition, knockouts of the gene in P. 

falciparum have rendered the parasites more sensitive to primaquine (Dipak Kumar 

Raj et al., 2009). It should be noted, however, that PfMRP1 has also been associated 

with artemisinin resistance in P. falciparum (Dahlstrom, Ferreira, et al., 2009), and, 

therefore, PvMRP1 may be a general drug resistance protein. The data presented here 

coupled with data from P. falciparum suggest that pvmrp is a promising candidate for 

further evaluation. 

 

Along with identifying drug resistance genes and potential vaccine candidates, 

future studies using the polymorphisms identified here can help monitor the 

emergence and spread of drug resistance. Although many believe primaquine 

tolerance in P. vivax is widespread (Zhou et al., 2008) quantifying the extent of 

resistance is difficult, and we have no information on our isolate’s sensitivity to 

primaquine, chloroquine or quinine. There are currently no cell-based efficacy assays 

or genetic markers for primaquine resistance in P. vivax (J Kevin Baird, 2009), and the 

main issue hindering the study of primaquine resistance is the inability to identify a 

relapse from a reinfection. The set of genetic markers from our study can potentially 

be used to distinguish a relapse from a new infection, and once true relapses are 

identified, polymorphisms that associate with resistance can be ascertained If 

molecular markers can be discovered that could be used to predict primaquine 

tolerance it might allow the development of appropriate treatment plans that could be 

used to extend the life of this drug. 
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New whole-genome technologies have the ability to rapidly accelerate research 

of the neglected malaria parasite P. vivax. Research has been restricted due to the 

difficulty of in vitro cultivation, but the ability to analyze genomic DNA directly from 

patient-derived isolates promises to overcome this limitation. We show here how 

microarray-based polymorphism detection and whole genome sequencing can be used 

to create genome-wide maps of genetic diversity in P. vivax and how this may lead to 

new drug resistance candidate genes, new vaccine candidates and new tools in 

developing treatment policy. 

MATERIALS AND METHODS 

Ethics statement.  

The protocol used to collect human blood samples for this work was approved 

by the Human Subjects Protection Program of The Scripps Research Institute, and the 

University of California, San Diego and by the Ethical Committees of Universidad 

Peruana Cayetano Heredia and Asociacion Benefica PRISMA, Iquitos, Peru. Written 

informed consent was obtained from each subject or the parent, in the case of minors. 

The consent form states in English and Spanish that samples may be used for any 

scientific purpose involving this or any other project, now or in the future and that the 

samples may be shared with other researchers. 

 

Sample collection.  

Two sources of DNA were used for our initial experiments. First, several 

hundred nanograms of pure P. vivax Sal1 DNA (the genome sequencing project 
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reference strain (Carlton, Adams, et al., 2008)) was obtained from John Barnwell at 

the Centers for Disease Control and Prevention. Secondly, we obtained P. vivax DNA 

isolated from a Peruvian patient known to have P. vivax malaria (IQ07). The material 

was derived from 5 ml of whole blood that had been obtained with informed consent. 

White blood cells were removed using a Whatman CF11 column (Whatman PLC, 

Kent, UK). DNA purified from the Sal1 sample in duplicate and the patient-derived 

sample were subjected to a whole genome amplification (WGA) using the Qiagen 

RepliG kit (Qiagen, Hilden, Germany). The amplified DNA was used for Illumina 

sequencing and microarray analysis. 

 

Microarray analysis.  

For these experiments a custom Affymetrix whole genome tiling microarray 

based on the current assembly of the P. vivax genome sequence was used. Twenty µg 

of genomic DNA from each amplification reaction (Sal1 in replicate and IQ07) and 

2.5 ng each of Bio B, Bio C, Bio D and Cre Affymetrix control plasmids were 

fragmented with DNaseI and end-labeled with biotin (Winzeler et al., 1998). The 

samples were hybridized to the microarrays overnight at 45°C using Affymetrix kits 

following manufacturer’s instructions, washed, and scanned (Kidgell et al., 2006). 

 

The polymorphism detection was performed as previously described for P. 

falciparum (N V Dharia et al., 2009). Briefly, using a sliding window of three 

overlapping probes we scanned for sets probes that had significantly lower 
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hybridization in IQ07 when compared to the Sal1 references indicative of a 

polymorphism as determined by z-test using an empirically derived standard 

deviation. Combining the data from the sliding windows of three probes enabled us to 

establish the boundaries within which the polymorphisms were contained. To predict 

the precise position of SNPs, we used an empirically determined model of loss of 

hybridization based on the SNP position in probes. An F-test was then performed with 

the model, based on the null hypothesis of the mean equaling zero, in order to position 

the polymorphism prediction at the peak of the p-value. 

Illumina sequencing and analysis.  

 

The P. vivax isolate was sequenced on three lanes of an Illumina Genome 

Analyzer Flow Cell with a paired-end module resulting in 57,917,344 total reads. The 

reads were aligned to the Sal1 genome (PlasmoDB version 5.5) and the human 

genome (NCBI build 36.3) using Bowtie (Langmead et al., 2009). The alignment was 

performed with singleton reads using option –v 3 which emulated SOAP-style 

alignment (R. Li, Li, Kristiansen, & Wang, 2008) in which three mismatches were 

allowed in a 40 bp read. The Bowtie output was converted into Maq maps, and Maq 

(H. Li et al., 2008) was used to generate the list of polymorphisms between IQ07 and 

the reference genome for the 14 assembled chromosomes. SNPs that were 

unambiguous (no mixed SNP calls) and covered with more than three reads were used 

to validate the results of the microarray analysis. SNPs that mapped to the predicted 

coding sequences of core chromosomal genes were used to delineate synonymous and 
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nonsynonymous SNPs. Maximum likelihood (ML) estimates were obtained for the 

numbers of synonymous (dS) and non-synonymous (dN) substitutions per site between the 

Sal1 reference and IQ07 and for the ratio dN/dS. Calculations were performed using the 

codeml program of the PAML package version 4.4b (Yang, Nielsen, & Hasegawa, 

1998) (SI). 

SUPPORTING INFORMATION 

Illumina sequencing and analysis.  

The P. vivax isolate was sequenced on three lanes of an Illumina Genome 

Analyzer Flow Cell with a paired-end module resulting in 57,917,344 total reads. The 

reads were aligned to the P. vivax reference genome and the human reference genome 

using Bowtie (Langmead et al., 2009). The Salvador I sequence (PlasmoDB version 

5.5) and the NBCI build 36.3 human genome sequence were used to create the 

reference genome index files used during alignment. The alignment was performed 

with paired end reads using a SOAP-style alignment (R. Li et al., 2008) in which three 

mismatches were allowed in a 40 bp read. Reads that mapped to the reference genome 

with 3 or less mismatches were considered appropriately aligned. Reads that did not 

align to either the P. vivax or human genomes as paired ends were aligned to either 

reference genome as singletons. For this analysis we considered all reads that mapped 

to the genome including those that mapped to multiple locations. To assign a read that 

mapped to multiple genomic locations to single genomic location we used Bowtie’s 

default parameter, which uses a random number generator to randomly assign a 

particular read to one of its mapped locations. The Bowtie output was converted into 
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Maq style output, and Maq (H. Li et al., 2008) was used to generate the list of 

polymorphisms between IQ07 and the reference genome for the 14 assembled 

chromosomes. The Maq software identified 93,163 SNPs. However, over 40,000 of 

these SNPs had mixed base pair calls. Upon closer examination, in 93% of these 

mixed calls the most likely predicted base was identical to the reference Sal1 

sequence. Furthermore, Maq calculates the log-likelihood ratio between the two 

possible base calls for mixed read SNPs. Of these mixed SNP calls most likely to be 

identical to the reference, 46% had the maximum possible log-likelihood ratio of 255, 

and 83% had log-likelihood >100. Thus, the vast majority of the mixed calls are 

actually quite confidently identical to the reference Sal1 sequence, and the few 

discrepant reads were judged to be mostly false positives due to poor quality base 

calling in the sequencing read by visual inspection of a subset. Thus we limited our 

analysis to 20,297 SNPs that were on assembled chromosomes, covered by three or 

more reads, and unmixed SNP calls. This subset of SNPs was used for further 

analysis. 

 

SNPs with more than three reads that were mapped to the predicted coding 

sequences of core chromosomal genes (8,121) were used to assess synonymous and 

non-synonymous SNP rates. Briefly, SNPs were mapped to their location within the 

coding sequence of a gene using their genomic location. Once the coding sequence 

location was identified, the SNP nucleotide was substituted for the reference 
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nucleotide and the resulting amino acid sequence was evaluated to determine if the 

SNP is a synonymous or non-synonymous mutation. 

 

We also looked at the possibility of a mixed infection within our field isolate. 

msp3-α PCR-RFLP genotyping confirmed the infection to be mono-allelic at this one 

locus, but we wanted to investigate if the whole genome (rather than just one locus) 

suggested the possibility of a mixed infection. Upon further analysis we do not believe 

that the whole genome sequencing provides any evidence for a mixed infection. Initial 

sequencing analysis revealed a large number of ambiguous raw SNPs that were 

filtered out of the later analysis as they were of low quality. Raw SNPs are all the 

places in the genome where the consensus base is not the same as the reference base. 

Unambiguous SNPs are those SNPs that are definitively called as an A, G, T, or C. 

High quality SNPs are those unambiguous SNPs that are covered by 3 or more reads. 

We hypothesized that these ambiguous low quality SNPs were artifacts from the 

sequencing process but they could also have been hallmarks of a mixed infection. In 

order to investigate this possibility we sub-cloned a P. falciparum Dd2 parasite strain 

and sequenced it with the same Illumina technology. Briefly, whole-genome fragment 

libraries were prepared using Illumina's paired-end sample preparation kit. Briefly, 

5ug of the Dd2 genomic DNA sample was fragmented using nebulization technique 

for 10 minutes with compressed air of 32 psi. The ends were repaired with the addition 

of an adenine base on the 3'end and ligation of paired-end adapter oligo mix. After 

addition of adapters, the sample was gel-purified and selected for 300bp fragment size 
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to amplify at 18 cycles of PCR (Illumina protocol "Preparing Samples for Paired-End 

Sequencing", Part # 1004571 Rev. A). After amplification, the product was purified 

using Agencourt's PCR Purification System (Agencourt protocol "Agencourt Ampure 

XP PCR Purification", Protocol 000387 v001). The library was quality controlled 

using an aliquot on a Biorad Experion. The DNA sample was hybridized onto the 

flowcell by using "Paired-End Cluster Generation Kit v2" (Cat. # PE-203-2001) using 

a dilution of the 10nM library. The flowcell was then transferred to the Genome 

Analyzer II and performed 50 cycles of sequencing using the "36 Cycle Sequencing 

Kit v3" (Cat. # FC-104-3002). Data Collection Sequence Control Software version 2.3 

was used on the Genome Analzyer II and Pipeline version 1.5 was used for analysis. 

The instrument data was processed with Illumina Pipeline version 1.5.0 with intensity 

normalization to the PhiX control lane (to avoid intensity bias due to base composition 

of P. falciparum). We then analyzed the Dd2 sequence versus the 3D7 reference to 

identify SNPs and again identified a large number of ambiguous SNPs. Since this was 

a clonal line, the ambiguous SNPs could not have been due to a mixed infection and 

therefore we believe the ambiguous SNPs are due to sequencing errors. 

 

PAML.  

Calculations for maximum likelihood (ML) estimates for the numbers of 

synonymous (dS) and non-synonymous (dN) substitutions per site between reference 

Sal1 and IQ07 and for the ratio dN/dS were made using the codeml program from the 

PAML package version 4.4b as described in the methods. The codeml program was 
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run in pairwise mode (runmode = –2) with codon equilibrium frequencies estimated 

from average nucleotide frequencies at each codon position (codonFreq = 2). The 

vaules for dS, dN, and dN/dS are presented in Dataset S2 (Yang et al., 1998). 

 

Design and construction of a P. vivax microarray.  

To determine if we could detect genetic variability in P. vivax samples isolated 

from small quantities of infected patient blood, we designed a custom whole genome 

tiling microarray based on the current assembly of the P. vivax genome sequence of 

Salvador I strain produced by The Institute for Genomic Research. This array was 

designed in conjunction with Affymetrix and contains over four million single-

stranded 25-mer oligonucleotide probes positioned at 6-base pair intervals on both 

strands of the P. vivax genome. Thus, this array design has 4-fold redundancy for most 

nucleotide positions in the genome. Additionally, there are P. vivax worldwide allele 

specific probes (AMA, CSP, DBP, DHFR, DHPS, MDR1, MSP1, MSP3α, MSP3β, 

RBP1, RBP2, TRAP), 2,130 human blood-expressed gene probes (erythrocyte, 

lymphocyte, leukocyte), 1,799,928 probes for two Leptospiral genomes, 16,068 probes 

for P. cynomolgi expression and standard Affymetrix control probes on the 

microarray. 

 

The array was designed before individual contigs were assembled into 

chromosomes, and thus we used BLAST to remap the probes on the microarray to the 

P. vivax assembly version PlasmoDB 5.5 and determine which probes map uniquely to 
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one place in the genome. This version of the genome is still partially incomplete with 

14 chromosome assemblies, 2,734 unassembled contigs (ranging from 200-101,928 bp 

in size, 4.4 Mb total), and mitochondrial genome. We found that some of the 

unassembled contigs contained no unique probes because the contig was essentially a 

duplication of a region of another chromosome or contig. Thus, we BLASTed all 2734 

contigs against the entire assembly and removed approximately 400 contigs that were 

>95% identical to another contig. 

 

False positive/false negative analysis.  

To formally evaluate false positive and negative rates we compared the 

microarray data to our sequencing results similar to our approach with P. falciparum 

(N V Dharia et al., 2009). To calculate false negative rates, we used a subset of high 

quality SNPs as follows. By restricting our microarray validation subset to high 

confidence SNPs that had unambiguous SNP calls from the whole genome sequencing 

analysis and were covered by three or more reads, we had a set of 20,297 SNPs, which 

was narrowed to 18,639 that were covered by three or more unique probes on the array 

(91.8%) indicating the ability to detect these SNPs by microarray using our statistical 

methods. Similarly, to evaluate false positive rates, we used only those microarray 

polymorphisms that were in regions covered by three or more sequencing reads 

aligned without gaps in our comparison. At the low stringency p value cutoff of 1×10-

5, we were able to detect 65.6% of sequencing SNPs with a false discovery rate (FDR) 

of 33.3%. At the higher stringency p value cutoff of 1×10-15, the detection rate 
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declined to 33.6% and the FDR declined to 1.9% (Table 2). The detection rate is 

defined as the percentage of SNPs detected by sequencing that were confirmed by 

microarray analysis divided by all SNPs by sequencing; false discovery rate is the 

percentage of polymorphisms detected by microarray that were not detected by 

sequencing divided by all SNPs by sequencing. These percentages were nearly 

identical regardless of the sequencing coverage for the SNPs.  

 

Homology modeling.  

We searched the Protein Database (PDB) using the PVX_097025 amino acid 

sequence to find similar proteins with a known crystal structure. PVX_097025 was 

most similar to the Staphylococcus aureus ABC transporter SAV1866. This S. aureus 

protein functions as a homodimer and is half the size of PVX_097025. Next we used 

Phyre (Kelley & Sternberg, 2009) to create a predicted structure for each of the two 

domains that comprise PVX_097025, and then mapped each domain onto one member 

of the SAV1866 homodimer. After aligning PVX_097025 and PFA0590w using 

Clustalw, we marked the known P. falciparum SNPs and the P. vivax SNPs identified 

in this study on the putative structure. 

 

Sequencing and SNP data availability.  

The reads from our sequencing of IQ07 will be uploaded to the NCBI Whole 

Genome Shotgun database. Only reads that aligned to the reference genome will be 

uploaded in order to filter out reads that may map to the human genome to protect the 
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privacy of the anonymous patient donor. Dataset 1 is an Excel spreadsheet containing 

the SNPs in IQ07 when compared to Sal1 as outputted by Maq. Dataset 2 is an Excel 

spreadsheet containing the number of synonymous and nonsynonymous SNPs and 

microarray SFPs per gene as well as values for dS, dN, and dN/dS. Datasets 1 and 2 can 

be found on our institution’s website: http://winzeler.ucsd.edu. 
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FIGURES 

 
Figure 1. Malaria parasite life cycle.  
Malaria is transmitted by the bite of a mosquito in which hundreds of sporozoites are released into the 
vertebrate host's bloodstream. The parasites eventually migrate to the liver and form parasitophorous 
vacuoles in hepatocytes. At this stage they can either remain dormant as a hypnozoite form (P. vivax or 
P. ovale), or initiate development that results in the production of thousands of merozoites. The 
merozoites eventually rupture the hepatocyte and are released in to the bloodstream. The new 
merozoites quickly invade erythrocytes where they replicate, sometimes synchronously, in a cycle that 
may correspond to the cycle of fever and chills in malaria. In response to a cue that is not well 
understood, some parasites differentiate into male and female gametocytes, which are the forms taken 
up by the mosquito and which can live quiescently in the bloodstream for weeks. Once they enter the 
mosquito via a blood meal they rapidly undergo transition into activated male and female gametes. The 
motile and short-lived diploid parasite form, the ookinete, migrates out of the blood meal, across the 
peritrophic matrix to the mid-gut wall where an oocyst is formed. After a meiotic reduction in 
chromosome number sporozoites are formed within the oocyst. Eventually the oocyst ruptures and the 
sporozoites migrate to the salivary gland where they await transfer to the vertebrate host. (Winzeler, 
Nature, 2008) 
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Figure 2. The Spatial Distribution of P. falciparum parasite rate age-standardized to 2–10 y (PfPR2−10) 
in 2007.  
They are categorized as low risk PfPR2−10 ≤ 5%, light red; intermediate risk PfPR2−10 > 5% to < 40%, 
medium red; and high risk PfPR2−10 ≥ 40%, dark red. The map shows the class to which PfPR2−10 has 
the highest predicted probability of membership. The rest of the land area was defined as unstable risk 
(medium grey areas, where PfAPI < 0.1 per 1,000 pa) or no risk (light grey). (Hay et al., PLoS 
Medicine, 2009) 

 

 
Figure 3. The global spatial limits of P. vivax malaria transmission in 2009.  
Transmission was defined as stable (red areas, where PvAPI≥0.1 per 1,000 people p.a.), unstable (pink 
areas, where PvAPI<0.1 per 1,000 p.a.) or no risk (grey areas). The boundaries of the 95 countries 
defined as P. vivax endemic are shown. The medical intelligence and predicted Duffy negativity layers 
are overlaid on the P. vivax limits of transmission as defined by the PvAPI data and biological mask 
layers. Areas where Duffy negativity prevalence was estimated as ≥90% are hatched, indicating where 
PAR estimates were modulated most significantly by the presence of this genetic trait. (Guerra et al., 
PLoS Neglected Tropical Diseases, 2010) 
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Figure 4. Pileup alignment of Illumina sequencing reads across the P. vivax genome.  
Regions are colored by read depth, with regions covered by less than 20 reads colored in black, 20-100 
reads in red, and greater than 100 reads in blue. Subtelomeric and internal regions containing repetitive 
regions or multicopy highly variable genes indicated by circles correlates lower read depth. Asterisks 
indicate regions with loss of hybridization by microarray that contain highly variable surface protein 
genes (see Figure 6). 
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Figure 5. Microarray evaluation of human contamination and P. vivax-specific hybridization.  
(a) The median of raw intensities for Affymetrix background probes, human probes, bacterial probes, 
and P. vivax probes showed a greater than 2-fold higher intensity for P. vivax-specific hybridization in 
the patient-derived isolate, IQ07, and duplicate Sal1 references. (b) Histograms of log2-transformed 
intensity data displayed similar distributions for Affymetrix background and P. vivax probes for the 
reference, Sal1, and the patient-derived isolate. However, the distribution of human specific probes was 
skewed to the right for IQ07 compared to the reference and background probes, indicative of 
contaminating human DNA despite leukocyte depletion of this patient-derived sample. 
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Figure 6. Genome-wide detection of polymorphisms in a patient-derived isolate of P. vivax.  
The log2 ratios of intensities of IQ07 versus Sal1 were displayed along each chromosome in the P. vivax 
genome and were colored by the running mean over 500 bp. Loss of hybridization (black) in IQ07 
relative to the reference isolate indicated highly variable genes and correlates with subtelomeric and 
internal loci of multi-gene families that are involved in host-pathogen interactions such as msp3, msp7, 
sera and vir. The loss of hybridization on chromosomes 6 and 7 (marked with asterisks) that contain 
hypothetical genes of unknown function correspond to syntenic regions in P. falciparum that contain 
highly variable surface protein genes including msp genes. 
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Figure 7. Predicted polymorphisms in drug resistance genes in a Peruvian patient-derived P. vivax 
isolate.  
The result from the microarray-based prediction algorithm was plotted in blue above the gene models. 
The log2 ratios of intensities of IQ07 and Salvador I were displayed below and colored by the running 
mean over 25 bp using the same scale as displayed in Fig. 2. (a) We detected a mutation near codon 58 
in pvdhfr. (b) We detected a strong mutation signal near codon 205 in pvdhps, not previously described 
as polymorphic. (c) IQ07 contained mutations near codons 958 and 1022 in pvmdr1. (d) We detected a 
mutation ~500 bp upstream of the start codon that was in the 5’ UTR of pvcrt. We detected a mutation 
~100bp into the first intron of the pvcrt gene but do not detect any mutations in exons. (e) We detected 
multiple mutations by microarray in the putative ABC transporter pvmrp. 
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Figure 8. Alignment of Plasmodium multidrug resistance proteins.  
Includes PvMRP1 (PVX_097025), PvMRP2 (PVX_124085), PfMRP1 (PFA0590w), and PfMRP2 
(PFL1410c), Only fractions of the protein sequence showing polymorphisms are shown. Magenta 
highlights indicate residues that are mutated in our isolate. A "*" means that the residues or nucleotides 
in that column are identical in all sequences in the alignment; ":" means that conserved substitutions 
have been observed and "." means that semi-conserved substitutions are observed. Protein sequence 
data was obtained from PlasmoDB. 
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Figure 9. Homology model of PvMRP.  
Mutated residues in isolate IQ07 are shown in magenta. Homologous mutations from P. falciparum are 
shown in orange. Most mutations are in the transmembrane domain surrounding the pore. 
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TABLES 

Table 1. Evaluation of human leukocyte contamination by sequencing analysis. 

Cell 
DNA 

content 
of cell 

Total reads Reads per Mb Average fold 
coverage 

Relative 
number of 

cells 

Relative gene 
copy number 

Human cell 
(nucleated) 6.4 Gb 25,774,830 4,027 0.16 1 1 

P. vivax 
parasite 26.8 Mb 22,427,291 836,839 33.47 208 104 

 

Table 2. SNP prediction results: IQ07 SNP call rates. Genome-wide false positive and false negative 
rates for the microarray. 

z-test p value True Positives False 
Positives 

Detection Rate 
(%) 

False Discovery Rate (%) 

1×10-5 12221 6103 65.6 33.3 

1×10-10 8693 443 46.6 4.9 

1×10-15 6257 119 33.6 1.9 

p value indicates the cutoff for detection of polymorphisms by microarray. 
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Table 3. Classification of genes.  
Numbers are calculated for SNPs covered by at least 3 reads and the stringent cutoff of 1×10-15 for 
polymorphisms. Number indicates the number of genes of a particular class. 

Class description Number 

SNPs 
per 

gene 

Average 
SNPs 

per base 
(%) SFPs per gene 

Average 
SFPs per 
probe (%) 

Merozoite surface protein 3 12 13.42 0.57 32.58 8.13 
SERA family 13 14.69 0.47 13.46 2.70 
AP2 transcription factors 26 4.38 0.07 1.61 0.15 
Vir genes 87 2.53 0.20 11.62 6.16 
Pv-fam-d proteins 13 1.92 0.13 3.85 1.24 
Merozoite surface protein 7 11 3.73 0.36 3.09 2.14 
Tryptophan-rich antigens (Pv-fam-a) 21 2.29 0.13 2.19 0.81 
Membrane proteins 208 2.29 0.07 1.18 0.25 
Phist proteins (Pf-fam-b) 18 1.28 0.10 1.06 0.51 
None 4421 1.53 0.06 0.91 0.25 
Pv-fam-b proteins 5 0.60 0.05 0.80 0.53 
Early transcribed membrane proteins 9 1.00 0.15 0.78 1.02 
RAD proteins (Pv-fam-e) 40 1.10 0.12 0.75 0.53 
Pv-fam-h proteins 4 1.25 0.10 0.50 0.41 
Ribosomal proteins 132 0.27 0.04 0.15 0.13 
Pv-fam-g proteins 3 0.00 0.00 0.00 0.00 
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Table 4. Genes with high numbers of non-synonymous SNPs to synonymous SNPs. 
Gene ID Description Pf ortholog Size Pv microarray 

polymoprhism
s 

Pf 
NS 

Pf 
S 

Pv 
NS 

P
v 
S 

PVX_003770 Merozoite surface protein 
5 

PFB0305c-a 1162 8 1 3 11 0 

PVX_118105 Hypothetical protein PF14_0454 5198 6 26 1 8 0 
PVX_097025 ABC transporter, putative PFA0590w 5180 8 6 0 7 0 
PVX_001830 Zinc finger protein PF10_0186 4413 3 14 8 7 0 
PVX_094945 Transcription adapter 2, 

putative 
PF10_0143 5606 4 6 2 7 0 

PVX_113390 Hypothetical protein, 
conserved 

PFF0220w 8583 2 21 15 7 0 

PVX_100535 Hypothetical protein, 
conserved 

PFL1530w 6926 2 19 8 7 0 

PVX_101625 Variable surface protein 
Vir18-like 

 1582 21   6 0 

PVX_099005 cysteine repeat modular 
protein, putative 

PFI0550w 9397 5 25 8 6 0 

PVX_095150 Hypothetical protein, 
conserved 

PFC0960c 5188 0 22 6 6 0 

PVX_096285 Hypothetical protein, 
conserved 

PF07_0086 7846 2 57 18 13 1 

PVX_121920 reticulocyte-binding 
protein 2 (RBP2), like 

MAL13P1.17
6 

7462 14 8 1 11 1 

PVX_116605 Hypothetical protein, 
conserved 

MAL13P1.13
8 

10182 1 0 1 9 1 

PVX_083040 Transcription factor with 
AP2 domain(s) 

PF13_0235 10963 6 53 9 8 1 

PVX_119380 hypothetical protein PFC0230c 11086 2 31 13 8 1 
PVX_093645 hypothetical protein MAL8P1.154 10379 3 70 22 8 1 
PVX_092265 hypothetical protein PF11_0342 4300 5 52 12 7 1 
PVX_091015 SAM domain-containing 

protein 
PF11_0079 3994 4 19 4 7 1 

PVX_092935 hypothetical protein PF11_0479 8632 6 14 13 7 1 
PVX_115430 hypothetical protein MAL13P1.35

1 
7738 6 9 2 7 1 

PVX_086345 hypothetical protein PF14_0019 791 4 8 1 7 1 
PVX_119210 variant surface protein 

Vir22/5/24 
 1620 11   6 1 

PVX_092275 apical merozoite antigen 1 PF11_0344 1688 5 63 2 6 1 
PVX_101555 hypothetical protein  2593 5   6 1 
PVX_084935 hypothetical protein PF14_0303 4867 1 8 3 6 1 
PVX_080615 hypothetical protein PFE0620c 2460 1 0 0 6 1 
PVX_088965 SET domain protein PF08_0012 6101 5 46 19 6 1 
PVX_123750 transcription factor with 

AP2 domain(s), putative 
PFL1075w 8639 5 28 3 6 1 

PVX_119675 Protein kinase domain  PFC0485w 9025 3 24 6 6 1 
PVX_081365 hypothetical protein PFA0410w 6299 2 17 9 6 1 
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Table 5. SNP positions (amino acid sequence) within two AP2 transcription factors identified as highly 
polymorphic.  
PVX_083040 has 3 AP2 domains and contains a SNP in the second AP2 domain. This SNP was 
identified by sequencing and by microarray (10-5). In addition, PVX_083040 contains a SNP in its 
putative proximal promoter (-160) identified by sequencing and microarray (p=10-15). Other SNPs 
identified are not within any known domains. 
Gene PVX_083040 (3654 aa) 
Domains Start (aa) End (aa) 
AP2 1976 2029 
AP2 2863 2916 
AP2 3577 3630 
   
 Polymorphisms (aa position) 
 by sequencing by microarray (p=10-5) 
 466 466 
 1240  
 1658 1658 
 1993 1994 
 2073 2074 
 2457  
 2507  
 2593 2592 
 2807 2807 

 

Gene PVX_123750 (2879 aa) 
Domains Start (aa) End (aa) 
AP2 1905 1957 
   
 Polymorphisms (aa position) 
 by sequencing by microarray (p=10-5) 
 572  
 572  
 1136  
 1153  
 2279 2280 
 2413 2413 
 2580 2581 
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Table 6. Polymorphism detection in P. vivax drug resistance genes by microarray and sequencing 
analysis.  
Microarray polymorphisms are presented as base pair ranges with the predicted SNP position in 
parentheses. p value indicates the cutoff for detection of polymorphisms by microarray. Sequencing 
polymorphisms are presented as SNP base pair position and nucleotide change. For sequencing results, 
the predicted amino acid change resulting from the SNP is indicated in square brackets. 
Gene Chr Microarray polymorphic range 

(prediction) 
p value 
cutoff 

Illumina sequencing (SNP reads/total reads) 

pvdhfr 5 964772-964814 (964797) 
964742-964820 (964797) 

10-15 

10-10 
T964796C [Y69Y] (13/13) 
C964763G [S58R] (31/31) 

pvdhps 14 1258370-1258412 (1258389) 10-15 C1258389T [M205I] (12/12) 

pvmdr1 10 363008-363055 (363031) 
363200-363242 (363221) 
363362-363404 (363383) 

10-15  

10-15 
10-05 

G363032A [L1022L] (12/13) 
G363223A [T958M] (18/19) 
T363374G [M908L] (14/15) 

pvcrt 1 330470-330518 (330489) 
330470-330518 (330489) 
330470-330518 (330489) 
331138-331172 (331152) 

10-15  

10-15 
10-15 
10-12 

T330482C [5’ upstream region] (2/2) 
G330484T [5’ upstream region] (1/1) 
C330495A [5’ upstream region] (4/5) 
T331151C [intronic] (58/58) 

pvmrp 2 154052-154088 (154069) 
154376-154412 (154393) 
154556-154592 (154575) 
154628-154670 (154647) 
154964-155000 (154983) 

10-15 

10-15 

10-15 

10-15 

10-15 

C154067T [H1586Y] (13/13) 
G154391A [V1478I] (6/6) 
G154567C [G1419A] (8/8) 
T154646G [Y1393D] (11/11) 
T154979A [L1282I] (10/10) 
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Table 7. Potential vaccine candidates.  
Genes abundantly-transcribed (>500 units) during the sporozoite stage whose expression also peaked in 
sporozoites (1) with at least 3 SNPs (29 genes). 

Gene ID Description Pf ortholog Pv microarray 
polymorphisms 

Size Pf 
Ds 

Pf 
Dn 

Pv 
Ds 

Pv 
Dn 

PVX_081625 hypothetical 
protein 

MAL7P1.146 3 13555 31 6 9 3 

PVX_089965 hypothetical 
protein 

PFD0840w 5 13017 79 23 5 6 

PVX_085590 hypothetical 
protein 

PF14_0170 3 14102 20 8 4 6 

PVX_092275 apical 
merozoite 
antigen 1 

PF11_0344 5 1688 63 2 6 1 

PVX_091135 hypothetical 
protein 

PF11_0540a 2 5314 8 2 3 4 

PVX_084350 Maebl PFL0315c 2 7808 38 4 4 2 
PVX_003855 hypothetical 

protein 
PFB0365w 1 4613 11 4 3 3 

PVX_082585 hypothetical 
protein 

PF13_0181 0 2081 13 1 3 3 

PVX_082735 sporozoite 
surface protein 
2 

PF13_0201 3 1670 50 0 5 0 

PVX_085355 hypothetical 
protein 

PF14_0215 3 1559 1 0 3 2 

PVX_098610 hypothetical 
protein 

PFI0160w 3 9869 24 9 2 2 

PVX_002845 hypothetical 
protein 

PFB0625w 2 2192 6 1 4 0 

PVX_092200 hypothetical 
protein 

PF11_0328: 2 2099 9 2 3 1 

PVX_089510 D13 protein MAL8P1.70 2 1508 2 0 3 1 
PVX_002660 hypothetical 

protein 
PFB0820c 2 4514 28 12 1 3 

PVX_091930 DnaJ domain 
protein 

PF11_0273 1 1912 6 1 3 1 

PVX_000955 lysine 
decarboxylase, 
putative 

PFD0285c 1 6182 13 4 2 2 

PVX_113965 hypothetical 
TRAP-like 
protein 

PFF0800w 2 4466 13 3 3 0 

PVX_089950 bifunctional 
dihydrofolate 
reductase-
thymidylate 
synthase 1 

PFD0830w 2 1874 6 1 2 1 

PVX_098780 hypothetical 
protein 

PFI0328c 2 1244 0 0 2 1 

PVX_082370 hypothetical 
protein 

MAL13P1.150 2 1081 2 0 1 2 
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Table 8. SNP subsets filtered as described above. 
The P. falciparum strain is a sub-cloned Dd2 lab strain. Analysis of the P. falciparum sequence was 
conducted using the same method as described in the methods and using a new suite of analysis tools. 
 Raw SNPs Unambiguous SNPs High quality SNPs 
P. vivax 93,163 28,175 20,297 
P. falciparum (SOAP -v 3) 280,171 41,193 30,391 
P. falciparum (Maq) 192,670 35,889 26,469 
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CHAPTER 2  

ABSTRACT 

Background 

Malaria caused by Plasmodium vivax is an experimentally neglected severe 

disease with a substantial burden on human health. Because of technical limitations, 

little is known about the biology of this important human pathogen. Whole genome 

analysis methods on patient-derived material are thus likely to have a substantial 

impact on our understanding of P. vivax pathogenesis and epidemiology. For example, 

it will allow study of the evolution and population biology of the parasite, allow 

parasite transmission patterns to be characterized, and may facilitate the identification 

of new drug resistance genes. Because parasitemias are typically low and the parasite 

cannot be readily cultured, on-site leukocyte depletion of blood samples is typically 

needed to remove human DNA that may be 1000X more abundant than parasite DNA. 

These features have precluded the analysis of archived blood samples and require the 

presence of laboratories in close proximity to the collection of field samples for 

optimal pre-cryopreservation sample preparation. 

 

Results 

Here we show that in-solution hybridization capture can be used to extract P. 

vivax DNA from human contaminating DNA in the laboratory without the need for 

on-site leukocyte filtration. Using a whole genome capture method, we were able to 

enrich P. vivax DNA from bulk genomic DNA from less than 0.5% to a median of 
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55% (range 20%-80%). This level of enrichment allows for efficient analysis of the 

samples by whole genome sequencing and does not introduce any gross biases into the 

data. With this method, we obtained greater than 5X coverage across 93% of the P. 

vivax genome for four P. vivax strains from Iquitos, Peru, which is similar to our 

results using leukocyte filtration (greater than 5X coverage across 96%). 

 

Conclusion 

The whole genome capture technique will enable more efficient whole genome 

analysis of P. vivax from a larger geographic region and from valuable archived 

sample collections. 

BACKGROUND 

The global burden of Plasmodium vivax is being increasingly reevaluated as 

more fatal cases are identified and drug resistant strains are discovered (J K Baird, 

2009; E Tjitra et al., 2008). Despite the fact that 2.85 billion people live in P. vivax 

endemic areas, there is a substantial lack of knowledge surrounding the mechanisms of 

biological features unique to P. vivax, constraining the ability to design appropriate 

control strategies. 

 

The fact that P. vivax exclusively invades reticulocytes impairs the 

development of a reliable, long-term in vitro culture method, a technique that has been 

available for the study of P. falciparum for over 30 years (Trager & Jensen, 1977). 

While some progress has been made in establishing P. vivax culture in the laboratory, 
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the lack of a reproducible in vitro culture method prevents basic laboratory 

manipulations, such as genetic crosses, and has limited the types of questions that can 

be answered about P. vivax biology. 

 

The advent of low-cost whole genome technologies allows direct analysis of P. 

vivax field populations, without the need for in vitro culture. With the completion of 

the P. vivax reference genome as well as the publication of the first P. vivax 

resequencing project (N V Dharia et al., 2010), single nucleotide variants (SNV) are 

now being identified that can be used to track parasite populations and investigate 

parasite population structure on both the regional and global levels. In addition, new 

whole genome sequencing technologies allow for sequencing hundreds of samples 

from different geographic locations and thus take advantage of the thousands of 

natural genetic crosses that occur over time and in the context of parasite movements 

among regions under different epidemiological contexts (reverse genetics). Using 

signatures in the genome left by these natural crosses, investigators will be able to 

identify regions of the genome under selection and, potentially, the genes involved in 

P. vivax virulence, drug resistance, and immune evasion. 

 

A critical barrier to the whole genome analysis of P. vivax is the ability to 

obtain sufficient quantities of high quality parasite genomic DNA free of human 

nucleic acid contamination. Current protocols for obtaining parasite DNA for whole 

genome studies from P. falciparum field isolates consist of culture adapting the 
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isolated parasites and passaging them for 3–4 weeks. This intermediate step achieves 

two things: one, it expands the parasite population allowing for isolation of a larger 

quantity of DNA and, two, it removes human leukocytes containing contaminating 

DNA. Since there is no reliable culture method to propagate P. vivax in vitro, 

alternative methods have to be designed to work with nucleic acids from P. vivax field 

samples. 

 

To address the two issues of low quantities of parasite DNA and human DNA 

contamination, the standard method adopted by the P. vivax research community is 

leukocyte filtration using ion-exchange columns followed by whole genome 

amplification (WGA) (N V Dharia et al., 2010; Sriprawat et al., 2009). This current 

method of obtaining P. vivax DNA from field samples is only feasible when the 

patient blood samples are collected in close proximity to a field laboratory because of 

the need to filter out the leukocytes before they lyse. This logistical issue precludes the 

collection of field samples from remote areas where P. vivax is endemic and thus 

limits our understanding of the population genetics of P. vivax. In addition, there are 

many samples that were collected before leukocyte depletion became a standard 

technique. As of now these samples cannot be analyzed via whole genome sequencing 

prohibiting the use of these samples to study how P. vivax has evolved over time. 

 

Here we demonstrate the feasibility of analyzing P. vivax field samples without 

on-site leukocyte filtration using an in-solution hybridization capture method (Gnirke 
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et al., 2009; Melnikov et al., 2011; Tewhey et al., 2009). By modifying the whole 

genome capture protocol designed for P. falciparum by Melnikov et al. (Melnikov et 

al., 2011), we show that Sal1 reference genomic DNA can be used to create whole 

genome baits, which can then be used to extract P. vivax genomic DNA from the 

contaminating human DNA in both frozen samples and mock blood spots. After the 

whole genome extraction of P. vivax DNA and subsequent whole genome sequencing, 

greater than 90% of the P. vivax assembled genome (~22 million bases) can be 

confidently assigned a genotype, or “called.” Our whole genome sequencing results 

are equivalent to previous results published using the leukocyte filtration protocol, and 

we, therefore, propose that because of its much easier application in the field, whole 

genome capture is a superior method of analyzing large numbers of P. vivax field 

samples from diverse geographic areas. 

RESULTS 

Synthesis of whole genome baits 

We created whole genome baits (WGB) using in vitro transcription with Sal1 

genomic DNA as the template. Briefly, Sal1 genomic DNA was fragmented to an 

average of 200 bp and a T7 promoter sequence was ligated onto the fragment ends. In 

vitro transcription was then conducted in the presence of biotinylated dUTP, creating 

biotinylated RNA baits. The WGB were initially tested on two mock Sal1 infections: 

one created by combining 1% Sal1 DNA with 99% human DNA and a second created 

by combining 0.1% Sal1 DNA and 99.9% human DNA. The baits were able to enrich 

these mock samples from 1% P. vivax DNA to 86% P. vivax DNA and from 0.1% P. 
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vivax DNA to 44% P. vivax DNA (Figure 10). Additional WGB can be created 

through subsequent in vitro transcription reactions. 

 

Whole genome capture and sequencing of P. vivax field samples 

We performed a whole genome capture protocol (see Methods) on five field 

samples (SA-94, SA-95, SA-96, SA-97, SA-98) collected in Iquitos, Peru during the 

2010 transmission season using the WGB derived from Sal1 genomic DNA. Patient 

blood samples were centrifuged after collection with the serum and Buffy coat 

subsequently removed. Erythrocytes were then frozen at −80 °C and shipped back to 

the United States for further analysis. For three samples (SA-96, SA-97, SA-98), DNA 

was isolated from the frozen red blood cell pellet. The parasitemias for these three 

samples were within the expected range for P. vivax infection, which is substantially 

lower than P. falciparum infection (Table 9). In order to assess the proportion of P. 

vivax DNA in our starting material we analyzed the bulk genomic DNA using qPCR. 

The percent of P. vivax DNA present after enrichment with whole genome capture 

was determined by whole genome sequencing (see below) (Table 9). For the 

remaining two samples (SA-94 and SA-95), 125 ul of erythrocytes were placed on 

Whatman FTA nucleic acid filter paper, stored for 2 weeks at room temperature to 

create mock blood spots, and then DNA was isolated using a standard extraction 

protocol. 

 



 

	  

59 

Genomic DNA recovered after whole genome capture was sequenced using the 

Illumina HiSeq 2000 platform and 4.7 - 6.3 billion bases of data were obtained per 

sample. The sequencing reads were then aligned to the Sal1 reference using BWA (H. 

Li & Durbin, 2009), and sequencing and alignment characteristics were generated 

using Picard and the Genome Analysis Toolkit (GATK) (DePristo et al., 2011). We 

compared the sequencing statistics from the whole genome captured samples to the 

genome sequence of IQ07. This strain from Iquitos, Peru was collected in the 2007 

transmission season and had previously been prepared by leukocyte filtration and 

sequenced by our lab (N V Dharia et al., 2010). Since IQ07 is the only published 

sequencing data for a P. vivax sample taken directly from a patient, we considered the 

sequencing analysis of the IQ07 strain as our positive control. We also obtained 

sequencing data for Acre3, a P. vivax strain collected in Acre, Brazil, which had been 

neither leukocyte filtered nor enriched using whole genome capture. Acre3 served as 

our negative control. 

 

After aligning the sequencing reads, PCR duplicates, which arise during the 

final PCR amplification step of both library preparation methods, were marked to 

reduce false coverage. We identified PCR duplicates by finding those sequencing pairs 

that aligned to the exact same location in the genome and had the same insert size. The 

percentage of PCR duplicates ranged from 12.1% to 46.2% and was higher than the 

percentage of PCR duplicates identified in IQ07 (1.86%) or Acre3 (4.38%) (Table 10). 

The percentage of PCR duplicates was in line with the percentage of PCR duplicates 
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seen in exome capture studies (Bainbridge et al., 2010). After identifying PCR 

duplicates, sequencing reads from each sample were locally realigned around indels 

and areas of high entropy, and all base quality scores were then recalibrated based on 

empiric sample-reference mismatch data. 

 

Following clean up of the aligned reads, we compared the percent of reads that 

aligned to the P. vivax reference from the whole genome capture samples to the 

controls. Of the 57.9 million sequencing reads obtained for IQ07, 42% of the reads 

aligned to the Sal1 reference (Table 10). For Acre3, the negative control, only 1.42% 

of the 23.5 million sequencing reads aligned to the Sal1 reference. In contrast to the P. 

vivax field samples analyzed here, >90% of reads obtained from sequencing laboratory 

reared P. falciparum (with no human contaminating DNA) align to the P. falciparum 

reference. 

 

For the whole genome captured samples the percentage of reads that mapped 

to the Sal1 reference ranged from 20% to 80% with 4 out of 5 samples analyzed 

having a higher percentage of P. vivax DNA than in IQ07 and all samples showing a 

much higher percentage of P. vivax DNA than Acre3 (Table 10). In addition, the 

percentage of reads that aligned to the Sal1 reference was directly related to the 

parasites per ul present in the original patient sample and thus the variance in the 

whole genome capture result for both frozen samples and mock blood spots is a 

function of the starting parasite gDNA load (Table 9). Future studies using the whole 
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genome capture protocol would benefit from prioritizing samples for sequencing 

based upon the patients parasitemia at time of sample collection to limit non-specific 

binding during the capture protocol. 

 

Whole genome and chromosome coverage analysis of whole genome captured samples 

After identifying all the reads that mapped to the P. vivax reference genome, 

we filtered out low quality reads (mapping quality (MQ)  <  29) and low quality bases 

(base quality (BaseQ)  <  20) from those reads that aligned. Both MQ and BaseQ are 

Phred scaled scores indicating, respectively, the accuracy of the alignment as given by 

BWA and the accuracy of the base call as determined by the empiric sample-reference 

mismatch rate taking into account known variants. These filtration steps are necessary 

to ensure that machine errors and alignment errors do not bias the conclusions drawn 

from the data and the resulting set of high quality bases was used for all subsequent 

downstream analysis discussed below. 

 

First, genome wide sequencing coverage was computed from the set of high 

quality aligned bases for all whole genome captured samples and was compared with 

the IQ07 positive control and the Acre3 negative control. IQ07 was sequenced to a 

genome wide depth of 34.16X. Genome wide coverage by high quality bases for the 

captured samples ranged from 21.89X to 160.44X and was positively correlated to the 

percent of the reads that mapped to the P. vivax reference (Table 10). In addition, the 

percentage of the genome covered by different sequencing depths (5X, 10X, etc.) was 
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directly correlated to the genome wide coverage achieved and is presented for all 

whole genome captured samples along with the positive (shaded area) and negative 

(orange line) controls (Figure 11A). 

 

Next we evaluated the number of bases that were “callable,” i.e. able to have a 

confident genotype assigned to them. We defined “callable” for this haploid organism 

as being covered by five or more bases all of which have a BaseQ of 20 or above 

(99% accurate). Using this cutoff we predict one incorrectly called genotype in 10 

billion genotype calls or one incorrect genotype call in approximately 454 malaria 

genomes analyzed by sequencing. In the IQ07 strain 95.3% of the entire genome was 

callable and in the Acre3 negative control only 0.80% of bases were callable. Of the 

five genome captured samples, greater than 90% of all bases were able to be called in 

four of the samples with the worst performing fifth sample, SA-95, still having 

84.73% of the genome callable. 

 

While genome wide the percentage of callable bases was high, we next looked 

at the percentage of callable bases on the individual chromosome level in order to 

identify gross biases in the capture technique (Figure 11B). Again we used sequencing 

data from IQ07 as the standard. All samples prepared by whole genome capture 

exhibited the same trend of percentage of callable bases per chromosome as IQ07, but 

a slight overall bias to certain areas of the genome was identified requiring more 

sequencing to analyze these regions. 
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%GC content accounts for the sequencing bias between the two techniques 

We next examined those regions of the genome that performed poorly in the 

whole genome capture technique as compared to the leukocyte filtration protocol. The 

bias identified is correlated directly with %GC. The mean %GC of P. vivax is 45% 

and both the leukocyte filtration method and the whole genome capture protocol are 

able to efficiently sequence regions of mean %GC content (Figure 12 and Figure 

13A). In addition, both sequence preparation methods are poor at sequencing areas of 

substantially lower %GC (< 30%). 

 

Where the two methods diverge is sequencing regions of higher %GC (>50%). 

The capture method is only approximately half as efficient at sequencing these regions 

as the leukocyte filtration method (Figure 12 and Figure 13B). This effect is seen 

across all 14 chromosomes and the differential bias is seen most prominently around 

the centromere on account of these regions containing a higher %GC on average than 

the whole genome. 

 

Aside from %GC, the bias seen in the capture samples does not correlate with 

any other genomic feature including SNVs, chromosomal location (except the 

centromere because of the higher %GC), particular gene families, or gene rich/poor 

regions. 
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Quantity of sequencing data required for P. vivax resequencing projects 

We next investigated the amount of sequencing data from either the traditional 

library preparation or the whole genome capture protocol needed to call a certain 

percentage of the genome. Using the data from SA-94, for which we had initially 

obtained 150X genome wide coverage, we randomly downsampled the original data 

set to obtain downsampled data sets from 5X to 50X genome wide coverage at 5X 

intervals. Only properly mapped read pairs were included in this analysis and the reads 

from a pair were either both chosen or both excluded. The same downsampling 

strategy was used on IQ07 to obtain downsampled data sets from 5X to 30X coverage 

at 5X intervals. We also analyzed the full 34X IQ07 dataset. 

 

At 20X genome wide coverage, 82.52% of the SA-94 genome is covered by 

five or more reads and therefore callable (Figure 14). At the same genome wide 

coverage, 91.8% of the IQ07 genome is callable. This difference in callable genome 

percentage at the same level of genome wide coverage indicates that certain areas of 

the genome are more efficiently captured than others leading to uneven coverage 

across the genome. As explained above the regions that are underrepresented in 

sequencing libraries prepared using whole genome capture are those areas with high 

%GC. This effect is slight but reproducible with all of our whole genome captured 

samples. As the genome wide coverage increases the discrepancy in callable bases 

between the two library preparation methods decreases. At 30X genome wide 
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coverage, 87.96% of the SA-94 genome is callable compared to 94.6% of the IQ07 

genome. 

 

While regions of higher %GC are underrepresented in sequencing libraries 

created using the whole genome capture method, they are not absent. Therefore 

sequencing those samples prepared by whole genome capture to a higher genome wide 

coverage than is necessary for samples prepared by leukocyte depletion will overcome 

this bias and allow genotyping of the vast majority of the genome. We therefore 

recommend for whole genome deep sequencing of P. vivax, enough data, taking into 

account residual contaminating human DNA, should be obtained to achieve 30X-35X 

coverage of the parasite genome for samples prepared by leukocyte filtration and 50X 

coverage for samples prepared using the whole genome capture method. For low-pass 

SNP discovery sequencing, 10X-15X coverage will allow genotyping of a minimum 

of 65% of the parasite genome using either the standard library preparation method or 

the whole genome capture protocol (Figure 14). 

 

SNVs identified in whole genome captured samples 

To further evaluate the quality of data that was produced from the whole 

genome capture method, we next called SNVs from the five whole genome capture 

samples and compared them to the SNVs previously identified in IQ07 (Table 11). 

SNVs identified here will be validated and explored in more depth in a future follow-

on paper and the validated SNVs will of course be a proportion of those called here 
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using a purely algorithmic approach. We show SNV data here to demonstrate that the 

whole genome capture method does not produce data with a substantially different 

number of high confidence algorithmically identified SNVs than the IQ07 suggesting 

that the sequencing data obtained is of high quality. 

 

The total number of SNVs identified in each of the whole genome capture 

samples (range 16,596 – 18,916) was in concordance with the 16,861 SNVs identified 

in IQ07. The whole genome capture method performed either on frozen whole blood 

or mock blood spots did not produce an abnormally high or low number of SNVs 

indicating that the data was of high quality in line with the data produced by the 

leukocyte filtration protocol. In total 32,374 SNVs were identified across all five 

genome capture samples including 98% of the SNVs identified in IQ07. 

 

Next, we analyzed where in the P. vivax genome the high confidence SNVs 

were located. P. vivax contains a number of highly variable gene families including 

the merozoite surface protein (msp) family and the serine-rich antigen (sera) family. 

These gene families are known from P. falciparum to be highly variable and initial P. 

vivax resequencing studies have demonstrated a high mutation rate in P. vivax as well 

[4]. In agreement with our previous studies, we find that those gene families predicted 

to be highly variable do in fact contain high numbers of SNVs per gene in our whole 

genome captured samples (Table 11). In contrast, annotated metabolic genes have a 

very low SNV per gene rate, as would be expected of these housekeeping genes. 
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In addition to being more or less variable, the magnitude of the rate of 

variability of the gene families analyzed was consistent across all five genome capture 

samples and the IQ07 positive control. The rate of both synonymous and non-

synonymous mutations per gene in the msp, sera, and metabolic gene families was 

found to be a function of the inherent genes in the family and was not affected by the 

method of sequencing. This result further suggests that the whole genome capture 

method is unbiased and produces high quality sequencing data that can be used for 

downstream analysis. 

DISCUSSION 

Overall the whole genome capture method provides sufficient data with 

minimal bias to assign a genotype to greater than 90% of the P. vivax genome. Also, 

the total number of SNVs as well as the SNV rates of gene families was consistent 

across all five genome capture samples and was in agreement with previous data from 

IQ07. Using these metrics the whole genome capture technique is as efficient as the 

current leukocyte filtration method in removing contaminating human genomic DNA 

and allowing whole genome analysis of the P. vivax field samples without introducing 

any bias into the data. 

 

The critical contribution of this method is to be able to carry out 

comprehensive whole genome sequencing on P. vivax samples where human 

leukocyte removal has not been or cannot feasibly be done (archival samples or 
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remote sites). In addition, the whole genome capture protocol can be performed on 

starting bulk gDNA quantities as low as 1 ug. Such analysis will provide new 

approaches to investigate P. vivax population biology with direct applicability to 

vaccine and drug development. 

 

The cost of sequencing a leukocyte depleted sample and a whole genome 

captured sample are approximately the same as both methods lead to a mean P. vivax 

DNA percentage of 40%, but the whole genome capture technique increases the cost 

of library preparation by 100 USD as compared to the leukocyte filtration process. 

Whole genome capture, though, drastically reduces the time, cost, and effort in the 

field needed to collect samples because leukocyte filtration requires getting materials 

and experienced scientists into the field to actually perform the procedure thereby 

limiting the collection of samples to only certain geographic areas. 

 

Both preparation methods are far superior relative to sequencing extraneous 

human DNA from a non-leukocyte filtered, non-captured sample. In order to sequence 

P. vivax directly from patient whole blood, 80–100 GB of raw sequencing data would 

be needed to achieve the desired depth for confident analysis. While sequencing costs 

continue to come down, at this time it is inefficient to sequence P. vivax without using 

either whole genome capture or leukocyte filtration. 
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Here we have also estimated, for the first time, the depth of P. vivax 

sequencing that is necessary for resequencing projects. Our data suggest that analyses 

aimed predominantly at P. vivax strain genotyping should collect 30-35X genome-

wide coverage, after taking into account contaminating human DNA, for samples 

prepared by leukocyte filtration and 50X genome-wide coverage for samples prepared 

by whole genome capture. The marginal benefit of deeper sequencing weighted 

against cost and throughput efficiency does not support additional sequencing beyond 

these coverage depths for resequencing studies. 

 

The whole genome capture method is much more amenable to the collection of 

parasite samples in the field since it can be performed on frozen blood samples or 

blood spots without the need for complicated laboratory manipulations at the site of 

collection. Whole genome capture is therefore ideal for analyzing samples collected in 

resource poor areas such as remote health clinics. Analyzing samples from these areas 

will greatly expand the knowledge of P. vivax population genetics at the local level as 

well as allow for the tracking of parasite populations. 

 

In addition, whole genome capture is the only way to analyze archival samples 

that were not previously leukocyte filtered before being frozen. Many samples exist 

around the world that have unique phenotypes but up to this point have only been 

analyzed using sparse microsatellite markers. The technique presented here allows for 
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more thorough analysis of these samples that to this point would have been cost 

prohibitive. 

CONCLUSION 

Taken together, the amount of high quality data (over 90% of the genome 

covered by 5 or more bases) and the expanded range of the whole genome capture 

technique make this new technique the preferred method for resequencing P. vivax 

field isolates. In addition, studies are on going to expand this technique to whole blood 

stored on filter paper, which will completely remove the need for a field laboratory 

thus reducing the technical challenges of collecting P. vivax field samples even 

further. 

METHODS 

Ethics statement 

The protocol used to collect human blood samples for this work was approved 

by the Human Subjects Protection Program of The Scripps Research Institute and the 

University of California, San Diego, and by the Ethical Committees of Universidad 

Peruana Cayetano Heredia and the Asociacion Benefica PRISMA, Iquitos, Peru. 

Written informed consent was obtained from each subject or a parent in the case of 

minors. The consent form states in English and Spanish that samples may be used for 

any scientific purpose involving this or any other project, now or in the future, and that 

the samples may be shared with other researchers. 
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Sample collection 

P. vivax DNA used in whole genome capture protocol was isolated from 

symptomatic Peruvian malaria patients blood smear positive for P. vivax malaria. Five 

to ten mL of whole blood was obtained from each patient with informed consent 

before anti-malarials were administered. Whole blood samples were centrifuged and 

the serum and Buffy coat were removed. Erythrocytes were stored at −80 C. IQ07 was 

collected as described previously and Acre3 was collected in the identical manner (N 

V Dharia et al., 2010). Samples were collected in and around Iquitos, Peru. 

 

Isolation of genomic DNA 

For sample SA96, SA97 and SA98, genomic DNA was isolated from frozen 

whole blood samples using the DNeasy Blood and Tissue kit (Qiagen) as per the 

manufacturers instructions. To test the feasibility of capture from DNA isolated from 

filter paper, 125 ul of SA94 and SA95 were added to Whatman FTA Nucleic Acid 

storage cards. Cards were left at room temperature for 2–3 weeks before nucleic acid 

extraction using the Gentra Puregene blood kit (Qiagen). 

 

Quantification of P. vivax DNA with qPCR 

A Taqman qPCR assay was designed for both P. vivax b-tubulin 

(PVX_094635) and P. vivax ATP-dependent acyl-CoA synthetase (PVX_002785). 

Primers and probes for each assay are listed in Table S1. The qPCR reaction was 

conducted using Applied Biosystems Taqman 2x Genotyping Master Mix (Life 
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Technologies), 20 ng bulk genomic DNA, 900 nM of each primer, and 250 nm of the 

fluorescent hydrolysis probe. Reactions were carried out on an Applied Biosystems 

StepOne Plus (Life Technologies) using the manufacturers standard protocol. Total P 

vivax DNA was calculated by comparing the Ct value of the sample to a 12-point 

standard curve of Sal1 reference DNA. 

 

Creation of whole genome baits (WGB) 

Whole genome amplified (Repli-g Kit, Qiagen) Sal1 reference genomic DNA 

was sheared to an average size of 200 bp using an S-series Covaris Adaptive Focused 

Acoustic machine (Covaris). Samples underwent end-repair and dA-tailing (New 

England Biolabs) followed by ligation of Illumina TruSeq v. 3-style Y-adaptors 

carrying the T7 promoter sequence (Table 12). The T7 ligated library was run on a 2% 

agarose gel and a band corresponding to 200 bp was cut and purified in 20 ul of TE 

buffer with MinElute spin columns (Qiagen). Five ul of purified library was then 

enriched with 14 cycles of PCR using Phusion MasterMix HF (New England Biolabs) 

(Table 12). Five pmoles of enriched library was used in a 20 ul in vitro transcription 

reaction following the manufacturers protocol (Ambion MEGAshortscript T7 Kit, Life 

Technologies) with the exception that biotin labeled dUTP was used in replacement of 

the supplied dUTP. The reaction was purified with an RNeasy Mini column (Qiagen) 

that included an on column DNase digestion. A single in vitro transcription reaction 

provided a total of 45 ug of Sal1 capture RNA. 
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Whole genome capture technique 

Bulk genomic DNA was carried through the standard Illumina library 

preparation process using Adaptive Focused Acoustics for shearing (Covaris), end-

repair, A-tailing and ligation (New England Biolabs). Hybridization capture was 

carried out as previously described (Tewhey et al., 2009) with two modifications: 2.5 

ug of Human genomic DNA was added in the initial blocking step and only 12 cycles 

of post capture enrichment were performed. Briefly, 750 ng of the whole genome baits 

were mixed with 20 units of RNase inhibitor (SUPERase-In, Life Technologies), 

heated for 2 min at 65 °C in GeneAmp PCR System 9700 thermocycler (Applied 

Biosystems, Inc), and then mixed with pre-warmed (65 °C) 2× hybridization buffer 

(Agilent Technologies, Inc.). In a PCR plate, 500 ng of each genomic DNA-fragment 

library was mixed with 2.5 µg of human Cot-1 DNA, 2.5 µg of salmon sperm DNA, 

2.5 ug of Human genomic DNA, and 1 unit of blocking oligonucleotides 

complementary to the Illumina TruSeq v. 3 adaptor, heated for 5 minutes at 95 °C, and 

held for 5 minutes at 65 °C in the thermocycler. The mixture was then added to the 

capture probes, and the solution hybridization was performed for 24 hours at 65 °C. 

 

After the hybridization, the captured targets were selected by pulling down the 

biotinylated probe/target hybrids by using streptavidin-coated magnetic beads 

(Dynabeads MyOne Streptavidin T1, Life Technologies). The magnetic beads were 

prepared by washing 3 times and resuspending in binding buffer (1 M NaCl, 1 mM 

EDTA, and 10 mM Tris–HCl, pH 7.5). The captured target solution was then added to 
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the beads and rotated for 30 minutes at room temperature. The beads/captured targets 

were then pulled down by using a magnetic separator, removing the supernatant, 

resuspending in prewarmed (65 °C) wash buffer (Agilent Technologies, Inc), and then 

incubated for 15 minutes at room temperature. The beads/captured probes were then 

pulled down with the magnetic separator and washed by resuspension and incubation 

for 10 minutes at 65 °C in wash buffer. After three washes, elution buffer (0.1 M 

NaOH) was added and incubated for 10 minutes at room temperature. The eluted 

captured targets were then transferred to a tube containing neutralization buffer (1 M 

Tris–HCl, pH 7.5) and desalted with Agencourt AMPure XP paramagnetic beads 

(Beckman Coulter). Finally, the targets were enriched by 12-cycle PCR amplification 

by using 1 µl per sample as a template, and the amplified targets were purified with 

Agencourt AMPure XP beads. 

 

Sequencing and data analysis 

IQ07 was sequenced as described previously and Acre3 was sequenced in the 

identical manner (N V Dharia et al., 2010). For all of the whole genome capture 

samples, genomic DNA libraries were sequenced on an Illumina Hi-Seq2000 at the 

TSRI Next Generation Sequencing Core Facility. Samples were pair end sequenced 

for 101 bp per read and one 7 bp index read using Illumina v. 3 chemistry. Base calls 

were made using Illumina RTA (v. 1.12) software. Data for each sample sequenced in 

this study is available in the NCBI Sequence Read Archive [SRA: SRA047163.1]. 
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Fastq files obtained from sequencing were aligned to the Sal1 reference using 

BWA (v. 0.5.9) with soft clipping of bases with quality score 2 and below (H. Li & 

Durbin, 2009). Data from the same sample library preparation sequenced in different 

lanes was next merged into one file. PCR duplicates were next identified and marked 

using Picard (v. 1.51) MarkDuplicates. Aligned reads were then realigned around 

indels and areas of high entropy using GATK (v. 1.0) IndelRealigner, and the base 

quality scores of realigned reads were then recalibrated using GATK 

TableRecalibration (DePristo et al., 2011). After realignment and recalibration the 

samples were considered “clean” and ready for use in downstream analysis. 

 

Genome wide coverage and loci covered to a certain percentage were 

calculated using GATK DepthOfCoverage (DePristo et al., 2011). For all GATK 

DepthOfCoverage analyses the minimum mapping quality (mmq) was set to 29 and 

the minimum base quality (mbq) was set to 20. For downsampling analysis, only reads 

mapped in proper pairs were considered. These read pairs were filtered out from the 

total data set using samtools view with the –f 2 option (v. 0.1.16) (H. Li et al., 2009). 

Downsampled data sets were created from the properly mapped data sets using Picard 

DownsampleSam. For each coverage threshold, five randomly downsampled data sets 

were created and coverage was assessed using GATK DepthOfCoverage. The average 

of the five technical replicates was used to compare the percent of loci covered by five 

or more reads between the leukocyte filtered sample and whole genome capture 

sample. 
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SNVs were identified using GATK UnifiedGenotyper with the options mbq 

20, mmq 29, stand_emit_conf 10, and stand_call_conf 50. Identified SNVs that 

contained greater than 10% of reads mapping to the reference allele were excluded as 

false positives. From a total of 125,789 raw SNVs identified across the five whole 

genome captures samples, 32,372 were retained in the high confidence SNV data set 

that was used for further analysis. 
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FIGURES 

 
Figure 10. Enrichment of Sal1 DNA using whole genome baits.  
Mock P. vivax infections were created by combining Sal1 reference DNA and human DNA. These 
samples were then whole genome captured using the Sal1 derived baits. Pre and Post bars refer to the 
percent P. vivax DNA in the mock sample before and after whole genome capture. 
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Figure 11. P. vivax genomic coverage after whole genome capture.  
(A.) Percent of the P. vivax genome covered by various coverage thresholds for the five whole genome 
capture samples, the IQ07 positive control (shaded region), and the Acre3 negative control (orange). 
(B.) The percent of each chromosome that was able to be confidently genotyped, ie callable, for the 
whole genome captured samples compared to the IQ07 positive control (upper scale). The Acre3 
negative control is presented on the lower scale. 
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Figure 12. Normalized coverage by GC% content.  
Normalized coverage ratios for windows of various %GC content. The leukocyte depleted sample 
(IQ07) and the whole genome capture sample (SA94) perform approximately the same at %GC less 
than 50%. At higher %GC levels SA94 has much less coverage demonstrating a bias against higher 
%GC regions of the genome. These regions are still present in the sequencing library but are 
underrepresented, and therefore the sample must be sequenced to a higher degree to properly analyze 
these areas. 
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Figure 13. Comparison of depth of coverage on chromosome 10.  
Two representative regions are highlighted from chromosome 10 showing normalized differential depth 
of coverage between a sample prepared with leukocyte filtration (IQ07) and a sample prepared using 
whole genome capture (SA94) based on %GC. (A.) Normalized depth of coverage across a 100 kb 
region of chromosome 10 that has a %GC content equivalent to the mean of the genome (45%). Both 
methods are able to efficiently sequence this region with the vast majority of the 100 kb region 
sequenced to a depth of 20 or greater. (B.) Normalized depth of coverage across a 100 kb region of 
chromosome 10 that has a %GC content higher than the mean of the genome (55%). The whole genome 
capture sample (SA94) has substantially less coverage in this 100kb region than the leukocyte filtered 
sample (IQ07) demonstrating the bias against regions of higher %GC when using the whole genome 
capture method. While the region is underrepresented in the whole genome capture sample, it is still 
present at a low level in the sequencing library. 
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Figure 14. Confidently genotyped loci at various sequencing depths.  
SA-94 (black) and IQ07 (gray) were randomly downsampled and the mean percent of the genome that 
is callable of 5 randomly produced data sets for each coverage threshold is presented. 
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TABLES 

Table 9. P. vivax genomic DNA yield from whole blood samples using whole-genome capture 
 Parasitemia  % P. vivax gDNA  
Isolate Parasites/µl 

blood 
Parasites/RBC 

(%) 
Bulk DNA yield 

(µg) 
Pre-

WGC 
Post-
WGC 

Fold 
enrichment 

SA-96 2300 0.04% 3.2 0.53% 52.89% 99.8 
SA-97 2800 0.05% 7 1.34% 60.52% 45.2 
SA-98 8700 0.16% 7.6 3.95% 78.40% 19.8 
SA-94 6100 0.11% 2.4 na 80.13% na 
SA-95 1800 0.03% 1.7 na 20.25% na 
IQ07a na na na 41.87% na na 
Acre3b na na na 1.42% na na 
Abbreviations: RBCs, red blood cells; WGC, whole-genome capture; na, not available 
apositive control - leukocyte filtered, bnegative control 

 

Table 10. Sequencing statistics for whole-genome capture samples 
 Number of bases 

sequenced (billion) 
 % PCR 

duplicates 
 % genome covered by 

5 or more reads 
Isolate % P. vivax 

gDNA 
Coverage 

(X) 
IQ07a 2.3 41.87% 1.86% 35.16 95.33% 
Acre3b 1.4 1.42% 4.38% 0.77 0.80% 
SA-94c 6.0 80.13% 13.60% 150.31 97.21% 
SA-95c 5.3 20.25% 46.17% 21.89 84.73% 
SA-96c 4.7 52.89% 32.29% 63.11 93.35% 
SA-97c 5.2 60.52% 26.37% 86.75 94.37% 
SA-98c 6.3 78.40% 12.14% 160.44 96.51% 
apositive control - leukocyte filtered, bnegative control, cwhole-genome capture 

 

Table 11. SNVs identifiedby whole genome sequencing 
  MSP7 gene family All MSP gene 

families 
SERA gene family Metabolic genes 

Isolate SNVs Syn Non-syn Syn Non-syn Syn Non-syn Syn Non-syn 
IQ07a 16861 1.82 1.64 2.7 4.1 7.07 5.54 0.45 0.6 
Acre3b 0 na na na na na na na na 
SA-94 17871 1.93 1.57 3.2 4.41 6.94 5.6 0.37 0.59 
SA-95 18916 2.03 1.77 2.48 4.1 7.3 5.03 0.35 0.64 
SA-96 17946 1.79 1.81 3.23 4.21 6.64 5.61 0.54 0.7 
SA-97 18321 1.86 1.34 2.81 4.19 7.23 5.91 0.44 0.68 
SA-98 16596 1.55 1.28 2.89 3.98 6.94 5.04 0.49 0.68 
Abbreviations: SNV, single nucleotide variant; Syn, synonymous; Non-syn, non-synonymous; na, not 
available - apositive control - leukocyte filtered, bnegative control 
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Table 12. Oligonucleotide Primers 

Quantitative-PCR primers and probes 
P. vivax b-tubulin (PVX_094635)  

   Left Primer CGAAAGGAAGCAGAAGGATG 
  Right Primer GGGGAGGGGAATACTGAAAA 
  Hydrolysis Probe CAGGTAGTGGTATGGGAACCTTGCTGA 
  

      P. vivax ATP-dependent acyl-CoA synthetase (PVX_002785) 
 Left Primer GGCATCCCGATGAAGAAGTA 

  Right Primer TGCATAGCCACTCCAGTTTG 
  Hydrolysis Probe TTGACAGCGGACCTCGCGTG 
  

      Whole Genome Bait Adaptors and Primers 
Adaptor CCACTCATGCAGGTGAGCGTC*T 

  
 

/Phos/GACGCTCACCTATGTCTCCCT 
  

      Amplification Primers 
    

Left Primer 
TTCTAATACGACTCACTATAGGGAGACATA
GGTGAGCCTC 

Right Primer CCACTCATGCAGGTGAGCGTCT 
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CHAPTER 3  

ABSTRACT 

Plasmodium vivax can persist as dormant hepatic stages known as hypnozoites, 

which are an important reservoir of infection and a critical barrier to malaria 

eradication. At present there are no biomarkers to identify this tissue stage and 

estimates of the prevalence of infections due to hypnozoites are confounded by the 

inability to distinguish between new and relapsing infection. Here we performed 

whole genome sequencing of consecutive P. vivax relapse infections using material 

from a patient who experienced three episodes of P. vivax malaria over 33 months in a 

non-endemic country. Based on patient medical history and analysis of single 

nucleotide variants (SNV), it was determined that two of the infections were caused by 

reactivation of single hypnozoites. We observe that the three recurring infections were 

caused by meiotic siblings. This indicates that a single sexual cross in the mosquito is 

capable of creating multiple distinct parasite populations, thus definitively 

demonstrating that the result of parasite sexual replication and meiosis in the 

mosquito, the oocyst, is comprised of parasites descended from a single tetrad.  

INTRODUCTION 

Plasmodium vivax is the most widespread of the human malaria parasite 

species with 2.85 billion people living in areas at risk for P. vivax infection(C. a 

Guerra et al., 2010). Worldwide there are approximately 100 million cases of P. vivax 

annually, and it is increasingly recognized that P. vivax elimination will be a distinct 

challenge as compared to elimination of P. falciparum (Feachem RGA, Malaria 
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Elimination Group, 2009). The predominant biological mechanism that accounts for 

the increased range of P. vivax is the ability of these parasites to persist as dormant 

liver stages known as hypnozoites. This unique parasite stage is metabolically inactive 

and can remain dormant for months to years before reemerging to cause clinical 

disease (White, 2011). Asymptomatic hypnozoite carriers are therefore a major 

impediment to malaria elimination efforts. 

 

Primaquine (PQ) remains the only registered agent to eliminate hypnozoites 

and achieve a radical cure. Treatment failure, defined by the occurrence of relapses 

despite PQ therapy, is often ascribed to inadequate dosing, poor adherence, or re-

infection3, 4. However, several cases of PQ treatment failure without these 

confounding issues have been reported5-8. The mechanism underlying PQ resistance is 

not understood, although both host and parasite genetic factors have been implicated. 

 

Despite the large burden of P. vivax malaria throughout the world, little is 

known about the hypnozoite with reports in the literature offering conflicting accounts 

of the homologous nature and clonality of relapse infections (Chen, Auliff, 

Rieckmann, Gatton, & Cheng, 2007; Imwong et al., 2007, 2012; J.-R. Kim et al., 

2012). Specifically it is not known if asexual P. vivax infections resulting from the 

activation of independent hypnozoites are clonal and if clonal, are genetically identical 

to one another or show genetic differences resulting from sexual recombination and 

assortment within the mosquito during the parasite’s brief diploid stage. This lack of 
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knowledge prevents classifying malaria episodes as relapse infections or reinfections 

in endemic areas thereby preventing accurate estimates of hypnozoite prevalence. In 

addition the inability to distinguish relapse infections from reinfections prevents drug 

efficacy trials in endemic countries impeding the development of the next generation 

of anti-hypnozoite drugs and hindering a thorough understanding of resistance to 

primaquine. 

 

Along with the possibility of reinfection, efforts to study the hypnozoite stage 

in endemic settings are further confounded by the fact that patients living in malaria 

endemic regions might harbor hypnozoites from multiple infectious mosquito bites. In 

order to study this elusive stage, we thus needed to find a patient who had acquired a 

single P. vivax infection before leaving a malaria endemic region. Working with 

collaborators at the University of Alberta, we were recently able to identify such a 

patient.  

CASE 

The patient is a 38-year-old male from Northeast Africa. In December 2008, he 

developed a febrile illness in Sudan that was diagnosed as P. vivax malaria. He was 

treated with chloroquine (CQ) but did not receive PQ. The patient recovered and 

moved to Canada in mid-January, 2009. One month after his primary infection, he 

presented at a hospital in Canada with fever, chills, and malaise. P.vivax malaria was 

diagnosed by microscopy (0.4% parasitaemia) and real-time PCR. He was treated with 

CQ (600 mg base immediately, 300 mg base at 6, 24, and 48 hours), followed by a 14-
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day course of PQ (30 mg po daily). He weighed approximately 60 kg. The patient 

experienced a second episode of symptomatic P. vivax three months later (0.7% 

parasitaemia). He was treated with CQ as before, followed by a 28-day course of PQ 

(30 mg po daily). Nearly 30 months later, the patient presented with a third episode of 

P. vivax (0.1% parasitaemia). The patient had not travelled outside North America 

since his arrival in Canada. He was treated with CQ for 3 days, then PQ for 14 days 

(30 mg po daily). For all three episodes, the patient affirms that he took the full course 

of PQ treatment. We analyzed the three P. vivax infections isolated from the patient 

using whole genome sequencing. We present here the genetic analysis of parasite (and 

host markers) of the three samples two of which can be definitively defined as relapse 

infections since they occurred in a non-endemic setting where re-infection was not 

possible. 

RESULTS 

Host Factors 

First we examined PQ metabolism in the host to see if we could identify a 

specific cause related to the patient for the failure of PQ to clear the hypnozoite load in 

the liver. Host pharmacogenetics may contribute to PQ failure by affecting drug 

metabolism. Genetic polymorphisms in the CYP gene family are associated with poor 

or intermediate metabolism of many drugs used to treat tropical infections (Ribeiro & 

Cavaco, 2006) and several of these enzymes are specifically implicated in the 

metabolism of PQ (Pybus et al., 2012) and other antimalarials (Paganotti et al., 2011). 

We therefore determined if the patient carried alleles that might also explain his 
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treatment failure. Based on allele frequencies in Northeast African populations, 

polymorphisms within four of the 60 CYP genes were selected for genotyping: 

CYP1A2*1C, CYP2B6*6, CYP3A4*1B and CYP2D6*4. The patient was homozygous 

for the wild-type allele at all four loci.  

 

Lastly, we examined whether the patient metabolized PQ to carboxy-

primaquine (CPQ), the main PQ metabolite found in plasma. Drug levels were 

measured in plasma collected on day 12 of treatment of the third relapse. The total PQ 

and CPQ concentrations were 90 ng/mL and 1042 ng/mL, respectively. The measured 

PQ concentration was similar to simulated maximum concentrations at steady-state in 

healthy male volunteers (96 ng/mL) and patients with vivax malaria (88 ng/mL). 

Concentration-time profiles for CPQ could not be simulated because of limited 

published information. However, measured CPQ concentrations in this patient were at 

the lower end of the range of reported maximum concentrations in healthy male 

volunteers (Jianbing Mu et al., 2003; Reed, Saliba, Caruana, Kirk, & Cowman, 2000). 

These data demonstrate appropriate absorption of PQ and metabolism via the 

monoamine oxidase pathway into CPQ. 

 

Conventional Genotyping 

Next, the parasite samples were subjected to a conventional eight-marker 

genotyping panel consisting of four microsatellite makers (1.501, 3.502, 3.27, ms16) 

four members of the highly variable merozoite surface protein family (msp4, msp5, 
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msp1F3, msp3a) (Koepfli et al., 2009). This genotyping is the current standard in the 

field with respect to identifying relapse samples from reinfections. 

 

The first infection (EAC01) was classified as polyclonal using the standard 

eight-marker genotyping (Koepfli et al., 2009) with six of eight investigated markers 

indicating the presence of more than one genotype. Both infections that can be 

classified definitively as relapses (EAC02 and EAC03) were classified as monoclonal 

(zero of eight and one of eight markers exhibiting greater than one genotype, 

respectively) (Table 13, Table 14). In addition EAC02 and EAC03 appeared to be 

genetically homologous to each other by eight-marker genotyping (Table 13). 

 

Whole genome sequencing analysis 

Although the P. vivax-infected patient blood samples had not been collected 

using the leukocyte depletion protocol required for efficient sequencing analysis of P. 

vivax samples (N V Dharia et al., 2010; Sriprawat et al., 2009), we were able to 

sequence the three parasite strains using a whole genome capture technique utilizing 

RNA baits derived from the SalI reference strain of P. vivax (Bright et al., 2012) in an 

in-solution hybridization capture procedure (Gnirke et al., 2009; Tewhey et al., 2009). 

This method allowed us to perform whole genome sequencing analysis of the parasite 

DNA, which initially comprised less than 1.0% of the total genomic DNA (gDNA) in 

the patient infected whole blood samples. Enriched P. vivax gDNA was sequenced on 

an Illumina HiSeq 2000 using paired end reads and 5.1 – 8.5 billion bases were 
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obtained for each parasite strain (Table 15). P. vivax gDNA post-capture ranged from 

20% – 40% giving genome wide coverage of 35X – 118X (Table 15). In addition, for 

all three samples, >88% of the genome could be assigned a confident genotype (Table 

15). These data represent the first time that a P. vivax infection from a hypnozoite has 

been analyzed using whole genome sequencing. In addition these data further validate 

the whole genome capture sequencing protocol for use with archived whole blood 

samples as the two of the three parasite samples investigated here were stored as 

whole blood at -20C for over 30 months. 

 

Parasite genotyping using WGS 

Using the WGS data, the three parasite samples were genotyped at 55,713 

likely SNVs (Table 16, Table 17). These markers were spaced, on average, 406 bases 

apart across the genome and the distribution was similar across all chromosomes 

(Table 18-19). 41.3% of the SNVs genotyped were located in coding regions as 

compared with 54.6% of the genome consisting of coding regions (Table 17). Of the 

24,426 SNVs present in coding regions, 59.5% were non-synonymous base pair 

changes (Table 17). We also genotyped the same positions in all of the P. vivax strains 

for which both sequencing data and geographical data are publicly available (N V 

Dharia et al., 2010; Daniel E Neafsey et al., 2012). We compared the genetic profile of 

our three parasite samples with the publicly available P. vivax sequencing data using 

principal components analysis (Patterson, Price, & Reich, 2006) and show that our 

three parasite strains from East Africa are distinct from the currently sequenced P. 
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vivax strains (Figure 15). The principal components analysis confirms the patient’s 

medical history and shows that the three parasite strains isolated here were obtained by 

the patient in the same distinct geographic location. EAC01-EAC03 are most closely 

related to the West African Mauritania I, which was used as the control for subsequent 

downstream analysis. 

 

Parasite Resistance Genes 

Using the SNV genotyping data, we first established a putative drug resistance 

genotype by investigating SNVs present in five known and putative drug resistance 

genes (Table 20). The three strains contained SNVs in genes homologous to known P. 

falciparum drug resistance genes including pvdhps (PVX_123230), pvmdr 

(PVX_080100) and pvmrp (PVX_097025) (Kublin et al., 2002; Jianbing Mu et al., 

2003; Reed et al., 2000). Variants as compared to the SalI reference strain were found 

at 27 of 39 sites (Table 20). Of specific note, all three isolates possessed a double 

mutant antifolate resistant genotype in pvdhfr (PVX_089950) (Kublin et al., 2002).  

 

The SNVs within the putative drug resistance genes in each of the patient’s 

three samples are identical with the exception of amino acid positions 976 and 1393 of 

the pvmdr1 gene. The parasite genomes were also compared to the sequence of the 

BrazilI strain which was obtained from a patient experiencing multiple malaria 

episodes in a non-endemic country despite PQ treatment (Daniel E Neafsey et al., 

2012). Comparison of the genotypes at the five known and putative drug resistance 
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genes demonstrated similar drug resistance profiles (Table 20). All strains exhibit 

intermediate to high levels of anti-folate resistance based on mutant genotypes 

identified in pvdhfr and pvdhps. In addition, the parasite strains obtained in this study 

share variant alleles with BrazilI in two multi-drug resistance associated transporters, 

pvmdr and pvmrp.  

 

Along with SNVs in putative resistance genes, we also looked for copy number 

variants (CNV), which have been shown to be a key mechanism of resistance in P. 

falciparum (Cowman, Galatis, & Thompson, 1994; Kidgell et al., 2006; Price et al., 

2004; Wilson et al., 1989). In the three infections analyzed here, we were unable to 

detect any CNVs at P. vivax homologs to known P. falciparum drug resistance genes 

using a novel CNV detection algorithm (Manary et al. manuscript submitted). 

 

Clonality of infection 

With the SNV genotype data obtained from WGS data, we first sought to 

investigate clonality and the genetic relatedness of the parasites. Using the percent of 

“heterozygote” SNVs identified in this haploid organism and the Fws statistic, which 

calculates the parasite diversity observed within the host as compared to the parasite 

diversity in the population as a whole (Sarah Auburn et al., 2012; Manske et al., 

2012), the initial infection was determined to be polyclonal with 47.04% of the 

genotyped SNVs called as “heterozygotes” (Table 16, Figure 16). In addition, the Fws 
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value of 0.48 (clonal = 1.0) for the initial infection is suggestive of three or more 

clones (Table 16) (Sarah Auburn et al., 2012).  

 

In contrast, both relapse infections from hypnozoite(s) activated 30 months 

apart appeared to be clonal, which is consistent with previous reports of relapse 

infections in non-endemic settings (Chen et al., 2007; Craig & Kain, 1996). The first 

relapse had an Fws of 0.93 and the second relapse had an Fws of 0.92 (Table 16). In 

addition both relapse samples had heterozygous calls at < 2.5% of genotyped SNV 

positions (Table 16) and greater than 45% of these heterozygous calls were clustered 

in subtelomeric regions and internal variable gene families which comprise only 12% 

of the P. vivax genome (Table 16, Table 21, Figure 17-18). The determination of 

clonality from whole genome sequencing was in concordance with the results from the 

eight-loci genotyping panel. 

 

Having determined that the EAC02 and EAC03 relapses were clonal 

infections, we next sought to determine if the two were identical to one another as 

suggested by conventional genotyping of the standard eight-loci panel. Although 

whole genome sequencing confirmed these two isolates were genetically identical at 

these eight positions the parasites nevertheless differed substantially at many other 

positions in the genome revealing a more complex relationship between the parasite 

strains (Figure 19).  
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Analysis of the genetic relationship between the parasite strains 

Because our data suggested that EAC02 and EAC03 were not identical but 

closely related, we postulated that EAC02 and EAC03 were in fact siblings. To 

evaluate this further, EAC02 and EAC03 were subjected to a pairwise comparison and 

confidently genotyped markers were plotted as a function of chromosome position 

(Figure 19). Interestingly, the regions of identity were organized into large blocks with 

an average size of 715 kb (Table 22). As a control, the two relapse samples were also 

compared in a pairwise manner to Mauritania I and we observed no evidence that the 

relapse samples shared large contiguous sequences of DNA with this West African 

strain. A representative comparison between EAC02 and Mauritania I is shown in 

Figure 19B. We also compared the two relapse samples to the first infection and found 

that all three samples shared large haplotype blocks with one another (Table 22, 

Figure 20-21). Interestingly, the average haplotype block size among the three samples 

(585 kb) is approximately the expected size of haplotype blocks that would result from 

comparing three meiotic sibling F1 progeny to each other if one centimorgan were 

equal to 17 kb, as it is in P. falciparum (X. Su et al., 1999). In contrast, haplotype 

block sizes calculated from pairwise comparisons between EAC02 and Mauritania 1 

and EAC02 and IQ07 (Peru) were 6.3 kb and 5.6 kb, respectively (Table 22). These 

data strongly suggest that EAC02 and EAC03 are siblings. 

 

Having determined that the infections were most likely caused by highly 

related sibling parasites, we next sought to determine if they had arisen from a single 
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zygote and would also show evidence of reciprocal recombination events. We 

analyzed the SNV data obtained from WGS comparing all three infections (Figure 22). 

Parasites from the three malaria episodes were identical across much of the genome 

and even shared whole chromosomes (e.g. chr. 1 and chr. 5). In addition, we found 

reciprocal recombination events as evidenced by the sharing of multiple 

recombination breakpoints between the three strains. Parasites from the three 

infections analyzed here share 15 recombination breakpoints (Table 23), which is in 

concordance with the number of crossovers postulated to occur per meiosis in P. 

falciparum (~ one per chromosome) (Jiang et al., 2011; X. Su et al., 1999). The 

recombination data from the three-way comparison indicates that the parasite strains 

identified in the same patient over a 33 month span are from the same zygote resulting 

from a single sexual cross and that the mosquito that bit the patient likely bore a single 

oocyst. As we have found three separate gametes from the same genetic cross, we 

hypothesize that the parasite strains are in fact from a tetrad-like structure that forms 

in the oocyst.  

 

Simulation of polyclonal infections caused by meiotic siblings 

Finally, we examined the full set of variants (including both homozygous and 

heterozygous variant calls) identified in EAC01 to determine if we could de-convolute 

the sequencing data and identify which members of the tetrad contributed to this initial 

polyclonal infection. In order to do this we in silico infections using the three 
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identified strains and the inferred fourth gamete and looked to see what combination 

of infections most closely resembled the empiric data obtained from EAC01.  

 

For the fourth gamete we simulated the variant calls for the 14 chromosomes 

under the oocyst-as-tetrad hypothesis. For chromosomes that were identical between 

EAC02 and EAC03, the reciprocal chromosome was created by assigning variants to 

random base pairs at an SNV density equivalent to that demonstrated by regions of 

non-homology between EAC02 and EAC03. Next, we simulated variant calls from 

sequencing data that would be obtained from a polyclonal infection including all four 

putative gametes and polyclonal infections consisting of all three-strain combinations 

of the putative gametes. Based on the even distribution of “heterozygote” SNV calls 

across all 14 chromosomes and the Fws statistic for this initial infection, we 

hypothesize that EAC01 consists of more than two parasite strains and constrained our 

analysis to in silico infections consisting of three or more parasite strains. The mock 

infection that was most supported by the EAC01 empirical sequencing data consisted 

of the first gamete (itself), the second gamete (EAC02), and the unidentified fourth 

gamete. We hypothesize therefore that EAC01 is a mixture of these three meiotic 

sibling strains. Definitive proof of this hypothesis would require isolation of the fourth 

gamete as a clonal infection. 

DISCUSSION 

While this case highlights the challenges in managing patients with P. vivax 

resistant to high doses of PQ, it also provides a unique opportunity to understand the 



 

	  

98 

mechanisms underlying PQ resistance. The multiple relapses in the patient described 

here result from a previously acquired hypnozoite burden and a likely genetic profile 

of the parasites rendering them resistant to PQ. Poor metabolism of PQ to bioactive 

molecules may also explain treatment failure; however, genotyping from our patient’s 

DNA did not identify any mutations within four of the CYP loci likely to be 

responsible for the anti-parasite effect of PQ and plasma pharmacoanalysis 

demonstrated adequate levels of PQ and CPQ. 

 

Parasite genotype data demonstrate that the three isolates contain mutations in 

several putative drug resistance genes that are largely conserved amongst the three 

genetically-related clones. All three isolates are resistant to anti-folate treatment and 

harbor mutations in the ABC transporter genes that have been implicated in resistance 

to numerous antimalarials. Of particular interest are the mutations in the pvmrp1 gene 

that encodes a putative multidrug resistance-associated protein. Studies from P. 

falciparum implicate PfMRP1 in glutathione efflux, consistent with the predicted 

mode of action of PQ in disrupting mitochondrial function16. Furthermore, gene 

knockouts of pfmrp1 have increased sensitivity to several antimalarials including PQ, 

suggesting this protein may play a general role in the transport of antimalarials out of 

the parasite17.  

 

Whole genome sequencing of sequential P. vivax infections including 

definitive relapses demonstrates a number of unique aspects of parasite biology. 
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Previously, it has been suggested that parasites capable of causing a long latency 

relapse are a distinct sub-species (P. vivax hibernans) inhabiting temperate climates 

(Garnham et al., 1975). Here we demonstrate that both a short latency relapse and a 

long latency relapse can arise from the same sexual cross suggesting that P. vivax 

parasites are inherently capable of remaining dormant in the liver for months to years 

unless activated by the appropriate (unknown) trigger. This finding highlights the need 

to discover the trigger that activates hypnozoites and/or hypnozoite activation 

biomarkers that can be used for long-term surveillance for P. vivax infections in 

tropical areas as part of malaria elimination programs. 

 

In addition, the dense genetic maps obtained via whole genome sequencing 

highlight a new, unique aspect of P. vivax immune evasion. It is known from 

therapeutic malaria experiments in the first half of the 20th century that patients can 

become immune to successive relapse infections (White, 2011). However, these 

infections were initiated by only a few strains which were likely genetically identical. 

Here we show that in a natural infection resulting from the sexual cross of two 

different parasites, up to four genetically unique parasites emerge from each oocyst. 

These distinct parasites have a greater chance to evade the human immune response as 

they are subsequently activated and emerge from the liver. 

 

Although it is unclear if the likely cause of primaquine failure in this particular 

case is due to the inability of this patient to properly metabolize primquine or because 
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of the parasites’ multidrug resistance status, this patient’s history nevertheless 

demonstrates that primaquine is not always effective and that safe, efficacious 

replacements are needed. A major obstacle to both testing new anti-hypnozoite drugs 

and for monitoring the effectiveness of primaquine in endemic countries is the 

inability to distinguish between the sources of recurrent infection. After an initial P. 

vivax malaria infection, a patient can become subsequently infected with malaria 

through three methods: reinfection, when the patient is infected by another mosquito; 

recrudescence, when the patient becomes clinically symptomatic again from parasites 

that were present at sub-patent levels in the blood; relapse, when the patient becomes 

clinically symptomatic from a hypnozoite. The efficacy of primaquine as a radical 

cure agent was established in the late 1940’s through large-scale non-human primate 

studies and controlled-infection drug efficacy trials that exploited vulnerable human 

populations, neither of which is appropriate today (Sherman, 2011). However, the 

results presented here highlight the need for conducting controlled drug efficacy trials 

in non-endemic settings. Patients from endemic settings will possess a diverse, 

dormant parasite population in their liver that has accumulated over numerous years. 

Furthermore, in some areas where there is only a single P. vivax clone circulating, 

reinfections may appear identical to relapses and recrudescences. Unless these patients 

are completely removed from the endemic setting it will not be possible to distinguish 

between relapse and reinfection hampering drug efficacy trials. Collaborative studies 

of relapse events occurring in non-endemic settings thus provide an important 

opportunity to answer critical outstanding questions about this important human 
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pathogen. Further study of definitive relapse infections will shed more light on this 

crucial parasite stage, but it is demonstrated by the results presented here that the 

hypnozoite will need to be the focus of specific intervention programs if the goal of 

malaria elimination is to be realized in areas endemic for P. vivax.  

MATERIALS AND METHODS 

Ethics Statement 

This study was approved by the Health Research Ethics Board of the 

University of Alberta. The patient provided written informed consent. The consent 

form states in English that blood samples collected from the patient may be used to 

genetically characterize the parasites and CYP genes from the patient, and that samples 

may be shared with other researchers for the purpose of investigating the basis of 

primaquine resistance. 

 

Sample Collection.  

P. vivax DNA used in this study was isolated from a symptomatic patient in 

Alberta, Canada who was blood smear positive for P. vivax malaria. At each episode, 

EDTA blood was collected from the patient and submitted to the Provincial 

Laboratory for Public Health (Edmonton, Canada) for routine confirmation of malaria 

by real-time PCR. Blood from the first two episodes was stored at -20°C prior to use 

for sequencing. Whole blood from the third episode was centrifuged to pellet red 

blood cells and stored at -80°C. Plasma was collected on day 12 of PQ treatment. 
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Genotyping of cytochrome P450 (CYP) alleles  

Human DNA extraction was performed using the PSS GC12 instrument 

(Precision System Science Co. Ltd.) and eluted into a 100 µL volume. Four alleles 

were selected for genotyping analysis based on analysis of the literature taking into 

account the country of origin of the patient and alleles hypothesized to play a role in 

drug metabolism: CYP1A2*1C (Dandara, Basvi, Bapiro, Sayi, & Hasler, 2004), 

CYP2B6*6 (Penzak et al., 2007; H. Wang & Tompkins, 2008), CYP3A4*1B (Ferreira 

et al., 2008; Garsa, McLeod, & Marsh, 2005; Kedmi, Maayan, Cohen, Hauzi, & Rund, 

2007) and CYP2D6*4 (Xie, Kim, Wood, & Stein, 2001).  

 

Regions within the CYP1A2 and CYP3A4 genes were amplified by PCR 

followed by DNA sequencing according to published methods (Nakajima et al., 1999; 

Paganotti et al., 2011). The CYP2B6 allele was characterized by PCR-RFLP using the 

enzyme BsrI (Ebeshi, Bolaji, & Masimirembwa, 2011). For CYP2D6*4, PCR was 

performed with the primers: 5’-CAAGAAGTCGCTGGAGCAGT-3’ (forward) and 

5’-GAGGGTCGTCGTACTCGAAG-3’ (reverse) and the following PCR conditions: 

94°C for 3 min, 30 cycles of 94°C for 30s, 60°C for 30s, 72°C for 30s, and a final 

extension step at 72°C for 10 min. PCR products were digested with EcoRII and MvaI 

analyzed by RFLP. These enzymes will only digest the wild-type CYP2D6 allele. The 

presence of the mutant allele was further confirmed by direct sequencing of the PCR 

product. 
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The patient’s DNA was genotyped at four alleles from the cytochrome P450 

(CYP) gene family: CYP1A2*1C, CYP2B6*6, CYP3A4*1B and CYP2D6*4. The 

CYP1A2*1C and CYP3A4*1B alleles were analyzed by PCR followed by Sanger 

sequencing. The CYP2B6*6 and CYP2D6*4 alleles were characterized by PCR-RFLP 

using the enzymes BsrI and EcoRII, respectively. Direct Sanger sequencing of PCR 

products verified the presence of the mutant allele.  

 

Parasite DNA isolated from blood samples collected during each infection 

[EAC01-03] was analyzed using whole genome capture followed by high-throughput 

sequencing (see Supporting Material). In total, 55,517 high confidence single 

nucleotide variants (SNV) were genotyped in all three samples and used for 

downstream variant analysis.  

 

Measurement of drug levels  

Plasma concentrations of PQ and its major metabolite, carboxy-primaquine 

(CPQ), were measured with a newly developed stereoselective bioanalytical method 

(Hanpithakpong et al., manuscript in preparation). In summary, the method utilized 

solid-phase extraction followed by liquid chromatography coupled to tandem mass 

spectrometry. Triplicates of 3 quality control samples were analyzed in the same batch 

to ensure that accuracy and precision were acceptable according to United States Food 

and Drug Administration (FDA) standards (FDA Guidance for Industry - 

Bioanalytical Method Validation). Measured drug concentrations were compared to 
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simulated concentration-time profiles based on literature values for pharmacokinetic 

parameters in healthy male volunteers (Binh et al., 2009; Cuong et al., 2006; Elmes, 

Bennett, Abdalla, Carthew, & Edstein, 2006; Fletcher et al., 1981; Mihaly et al., 1985; 

Mihaly, Ward, Edwards, Orme, & Breckenridge, 1984) and male patients with vivax 

malaria (Bangchang, Songsaeng, Thanavibul, Choroenlarp, & Karbwang, n.d.; Bhatia 

et al., 1986; Y.-R. Kim et al., 2004). 

 

Genotyping of eight microsatellite makers and variable genes.  

Parasite DNA was extracted from 40 µL of whole blood using the PSS GC12 

instrument (Precision System Science Co. Ltd.) with the DNA 200 protocol and kits 

(E2003). DNA was eluted into a 100 µL volume. Genotyping was based on sequence 

repeats in the microsatellites 1.501, 3.502, 3.27, and MS16, as well as the genes 

msp1F3, msp3α, msp4 and msp5. Genotyping was performed using the primers and 

protocol essentially as described by Koepfli et al (Table 24). All molecular markers 

were amplified by nested or semi-nested PCR using 3 µL of extracted DNA as a 

template in the first amplification step and 1 µL of the first PCR product for the 

second amplification. The PCR reaction was performed in a final volume of 20 µL 

containing 1X PCR buffer (Qiagen), 2 mM of MgCl2 (Qiagen), 200 µM of each dNTP 

(Takara Bio), 0.25 µM of each primer, and 1.5 units of HotStar Taq DNA polymerase 

(Qiagen). The cycling program was as follows: 5 min at 95°C followed by 30 cycles 

of denaturation for 1 min at 95°C, annealing for 1 min at 56°C–62°C (depending on 
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the marker analyzed (Koepfli et al., 2009)), and elongation for 1 min at 72°C with a 

final elongation for 5 min at 72°C. 

 

PCR was performed in a Thermal Cycler 2720 (Applied Biosystems). 

Amplification was confirmed in a 2% agarose gel and PCR products were stored at 

4°C in the dark. The product size was resolved by capillary electrophoresis in an ABI 

Prism 3100 Genetic Analyzer (Perkin Elmer Applied Biosystems), using GS500 LIZ 

as the internal size standard and the microsatellite settings. The results were analyzed 

using GeneMapper software (version 3.5; Applied Biosystems). All electropherograms 

were inspected visually and peaks above a cut off of 300 relative fluorescent units 

(RFU) were considered true amplification products. Based on the repeat length, alleles 

were grouped into 3-bp bins for MS16, msp1F3, msp3α, msp4 and msp5, 4-bp binds 

for 3.27, 7-bp binds for 1.501 or 8-bp bins for 3.502. Multiple alleles per locus were 

scored if minor peaks were >33% of the height of the predominant allele present for 

each locus. 

 

Isolation of genomic DNA for whole genome sequencing.  

For samples EAC01, EAC02, and EAC03, bulk genomic DNA was isolated 

from frozen whole blood samples using the DNeasy Blood and Tissue kit (Qiagen) as 

per the manufacturers instructions.  
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Quantification of P. vivax DNA with qPCR.  

A Taqman qPCR assay for P. vivax b-tubulin (PVX_094635) was used to 

assess the P. vivax DNA quantity in the bulk gDNA isolated from the patient blood 

sample. Primers and probes for each assay are listed in Table S10. The qPCR reaction 

was conducted using Applied Biosystems Taqman 2x Genotyping Master Mix (Life 

Technologies), 20 ng bulk genomic DNA, 900 nM of each primer, and 250 nm of the 

fluorescent hydrolysis probe. Reactions were carried out on an Applied Biosystems 

StepOne Plus (Life Technologies) using the manufacturers standard protocol. Total P 

vivax DNA was calculated by comparing the Ct value of the sample to a 12-point 

standard curve of Sal1 reference DNA. 

 

Whole genome capture.  

Whole genome capture of the initial infection and the relapse samples was 

performed as previously described (Bright et al., 2012). Briefly, Illumina TruSeq v. 3-

style Y-adaptors carrying the T7 promoter sequence (5′-TAA TAC GAC TCA CTA 

TAG GG-3’) (Table 25) were ligated onto Sal1 reference genomic DNA that had been 

sheared to 200 bp using an S-series Covaris Adaptive Focused Acoustic machine 

(Covaris). To create the whole genome baits, the resulting library was used in an in 

vitro transcription reaction following the manufacturers protocol (Ambion 

MEGAshortscript T7 Kit, Life Technologies) with the exception that biotin labeled 

dUTP was used in replacement of the supplied dUTP. 
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Bulk genomic DNA was carried through the standard Illumina library 

preparation process using Adaptive Focused Acoustics for shearing (Covaris), end-

repair, A-tailing and ligation (New England Biolabs). Hybridization capture was 

carried out as previously described (Bright et al., 2012; Tewhey et al., 2009). Briefly, 

750 ng of the whole genome baits were incubated with 500 ng of the bulk genomic 

DNA-fragment library along with 2.5 µg of human Cot-1 DNA, 2.5 µg of salmon 

sperm DNA, 2.5 ug of Human genomic DNA, and 1 unit of blocking oligonucleotides 

complementary to the Illumina TruSeq v. 3 adaptor and incubated for 24 hours at 

65°C. After the hybridization, the captured targets were selected by pulling down the 

biotinylated probe/target hybrids by using streptavidin-coated magnetic beads 

(Dynabeads MyOne Streptavidin T1; Life Technologies) as previously described 

(Bright et al., 2012). 

 

Sequencing and data analysis.  

Whole genome capture samples were sequenced on an Illumina Hi-Seq2000 at 

the TSRI Next Generation Sequencing Core Facility. Samples were pair end 

sequenced for 101 bp per read and one 7 bp index read using Illumina v. 3 chemistry. 

Base calls were made using Illumina RTA (v. 1.12) software. Data for each sample 

sequenced in this study is available in the NCBI Sequence Read Archive 

[SRA057904].  
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Read alignment and processing 

Fastq files obtained from sequencing were aligned to the Sal1 reference using 

BWA (v. 0.5.9) with soft clipping of bases with quality score 2 and below (H. Li & 

Durbin, 2009). PCR duplicates were next identified and marked using Picard (v. 1.51) 

MarkDuplicates. Aligned reads were then realigned around indels and areas of high 

entropy using GATK (v. 1.3+) IndelRealigner, and the base quality scores of realigned 

reads were then recalibrated using GATK TableRecalibration (DePristo et al., 2011). 

After realignment and recalibration the samples were considered “clean” and ready for 

use in downstream analysis. 

 

Depth of coverage analysis 

Genome wide coverage and loci covered to a certain percentage were 

calculated using GATK DepthOfCoverage (DePristo et al., 2011). For all GATK 

DepthOfCoverage analyses the minimum mapping quality (mmq) was set to 29 and 

the minimum base quality (mbq) was set to 20.  

 

SNV discovery and genotyping 

SNV discovery was conducted on the ten publicly available P. vivax genomes 

[North Korea I: SRP000316, Mauritania I: SRP000493, Brazil I: SRP007883, India 

VII: SRP007923, IQ07: SRP003406, SA94 – SA98: SRA047163]. Only those reads 

from each sample that aligned in proper pairs were used in the SNV discovery process 

(samtools view –f 2) (H. Li et al., 2009). SNVs were identified in each sample 
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individually using GATK UnifiedGenotyper and stringent filters were applied to 

achieve the highest confidence SNV set possible with GATK VariantFiltration. The 

filters used included minimum of depth of coverage of 20, minimum 

ReadDepthAndAllelicFractionBySample of 1.0, maximum Fisher’s Exact test for 

strand bias of 3.0 (~50%), and maximum HaplotypeScore of 3.0 (~50%). 55,517 high 

confidence SNVs were identified during the SNV discovery process. The 55,517 high 

confidence SNVs were then genotyped in all three samples using GATK 

UnifiedGenotyper. Those SNVs genotyped as heterozygotes were used only for 

analysis of clonality and excluded from two-strain and three-way comparisons. The 

resulting VCF file was analyzed using MATLAB v. 7.12.0.635 (The Mathworks). 

Also, principal components analysis was conducted and all SNV plots were created 

with MATLAB. Genotypes for publicly available strains and three East African strains 

are included in Dataset 1- 0: homozygous reference, 1: homozygous alternate, 2: 

heterozygote, -1: not determined. Dataset 1 can be found on our institution’s website: 

http://winzeler.ucsd.edu. 

 

Characterization of multiplicity of infection 

For the Fws calculation the reference and alternate read depths were extracted 

from the VCF file and used in Equation 1 where pw and ps are the allelic frequency of 

the reference allele within the sample and within the population, respectively, and qw 

and qs are the allelic frequency of the alternate allele within the sample and within the 

population, respectively (Manske et al., 2012).  
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Equation 1 

FWS = 1 – (Hw/Hs) 

Hw = 1 – (pw
2 + qw

2) 

Hs = 1 – (ps
2 + qs

2) 

 

Haplotype block calculations 

Regions of contiguous DNA that were identical between samples were 

identified and a weighted average block size metric (HapBlockMet) was calculated 

using all identified haplotype blocks according to Equation 2 where d is the length of 

the block. 

Equation 2 

𝐻𝑎𝑝𝐵𝑙𝑜𝑐𝑘𝑀𝑒𝑡 =   
Σ  𝑑!

Σ  𝑑
 

 

Copy number variant analysis 

Copy number variants were detected using a novel CNV detection algorithm 

(Manary et al., manuscript submitted) (Table 26). Briefly, after reads were aligned to 

the reference genome, depth of coverage was normalized for GC bias across the entire 

genome excluding the apicoplast and mitochondria. Every read was given a 

multiplicative coefficient based on the GC content of its fragment and its over- or 

under-representation in the sample. The depth of coverage was then recalculated by 

summing these components. Each chromosome individually was then put through an 
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iterative process of smoothing and edge detection to resolve the boundaries of 

amplification and deletion events. Weierstrass transform (convolution of the Fourier 

transform with a Gaussian kernel) was used to smooth the depth of coverage at each 

position with its neighbors, followed by edge detection through a similar convolution 

with a first-derivative Gaussian kernel, which detects large changes in the first 

derivative of the depth of coverage data. The depth of coverage between each edge is 

then compared to the sample mean, and those that are statistically higher or lower are 

assigned an amplification (deletion) number based on their increase (decrease). 
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FIGURES 

 
Figure 15. Principal components analysis.  
The East African samples sequenced in this study cluster by themselves as compared to the publicly 
available P. vivax samples that possess geographic information [North Korea I: SRP000316, Mauritania 
I: SRP000493, Brazil I: SRP007883, India VII: SRP007923, IQ07: SRP003406]. They are most closely 
related to IndiaVII and Mauritania I (West Africa). They are highly diverged from North Korea I and 
the South American strains. Principal components analysis was performed using MATLAB (see 
Supplemental Materials and Methods). 
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Figure 16. “Heterzygote” SNVs identified in EAC01.  
SNVs genotyped in EAC01 versus the SalI reference presented for all 14 chromosomes. A blue line 
indicates an SNV that is homozygous alternate and a red line indicates an SNV that is called as 
“heterozygote” by the SNV calling algorithm. EAC01 contains numerous “heterozygote” SNV calls 
that are evenly distributed across the genome indicating that this is a polyclonal infection. 
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Figure 17. “Heterzygote” SNVs identified in EAC02.  
SNVs genotyped in EAC02 versus the SalI reference presented for all 14 chromosomes. A blue line 
indicates an SNV that is homozygous alternate and a red line indicates an SNV that is called as 
“heterozygote” by the SNV calling algorithm. EAC02 contains few “heterozygote” SNV calls and those 
that are identified are concentrated in the sub-telomeric regions and highly variable gene families. The 
“heterozygote” SNVs identified here are most likely the result of sequencing and alignment errors, and, 
due to the small fraction of “heterozygote” SNVs as compared to homozygous alternate SNVs, EAC02 
is a clonal infection. 
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Figure 18. “Heterzygote” SNVs identified in EAC03.  
SNVs genotyped in EAC03 versus the SalI reference presented for all 14 chromosomes. A blue line 
indicates an SNV that is homozygous alternate and a red line indicates an SNV that is called as 
“heterozygote” by the SNV calling algorithm. EAC03 contains few “heterozygote” SNV calls and those 
that are identified are concentrated in the sub-telomeric regions and highly variable gene families. The 
“heterozygote” SNVs identified here are most likely the result of sequencing and alignment errors, and, 
due to the small fraction of “heterozygote” SNVs as compared to homozygous alternate SNVs, EAC03 
is a clonal infection. 
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Figure 19. Pairwise comparison of EAC02 and EAC03.  
SNVs confidently genotyped in both samples are presented across 14 chromosomes. SNVs shared 
between the two strains are shown in green and positions where the two strains differ are shown in blue. 
Gene families are presented as colored circles and the eight microsatellite markers are represented by 
red diamonds. (A) Comparison between EAC02 and EAC03 shows large blocks of DNA shared 
between the two samples. Despite the two samples being identical at the eight microsatellite markers, 
they differ at many positions in the genome. (B) Comparison between EAC02 and Mauritania I control 
strain shows that the two strains are highly diverged and share no blocks of contiguous DNA sequence. 
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Figure 20. Pairwise comparison of EAC01 and EAC02.  
SNVs confidently genotyped in both samples are presented across 14 chromosomes. Positions where 
the two strains are identical are shown in green and positions where the two strains differ are shown in 
blue. Gene families are presented as colored circles and the eight microsatellite markers are represented 
by red diamonds. 
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Figure 21. Pairwise comparison of EAC01 and EAC03.  
SNVs confidently genotyped in both samples are presented across 14 chromosomes. Positions where 
the two strains are identical are shown in green and positions where the two strains differ are shown in 
blue. Gene families are presented as colored circles and the eight microsatellite markers are represented 
by red diamonds. 
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Figure 22. Three-way comparison of the East African samples.  
SNVs confidently genotyped in EAC01, EAC02, and EAC03 are shown across all 14 chromosomes. 
Positions that are shared between all three strains (uninformative SNVs) are shown in gray. Positions 
shared between EAC01 and EAC02 are shown in blue and positions shared between EAC02 and 
EAC03 are shown in red. Positions unique to EAC02 are shown as small black hashes. Gene families 
are presented as colored circles. 
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TABLES 

Table 13. Microsatellite and genotyping results 

 
Molecular marker (bp) 

Isolate 1.501 3.502 3.27 msp4 msp5 msp1F3 ms16 msp3a 
EAC01 107 142, 174 271, 299 197, 221 330, 360 259, 253 220,100 465 
EAC02 107 174 271 197 360 250 256 474 
EAC03 107 174 271, 259 197 360 250 256 474 

 

Table 14. Genomic location of 8 genetic markers in P. vivax 

 
  Primer Location (bp) 

Genetic Marker Chrom Forward Reverse 
Microsatellite 1.501 1 473,732 473,905 
Microsatellite 3.502 3 451,079 451,266 
Microsatellite 3.27 3 493,033 493,402 
msp4 4 627,608 628,049 
msp5 4 630,303 630,795 
msp1F3 7 1,161,359 1,161,802 
Microsatellite MS16 9 1,593,168 1,593,791 
msp3a 10 1,220,104 1,220,928 

 

Table 15. Sequencing statistics for whole-genome capture samples 

  Sequenced bases 
(billion) 

P. vivax gDNA 
(%) 

PCR duplicates 
(%) 

Coverage 
(X) 

Genome 
Callablea (%) Isolate 

EAC01 5.1 19.57% 14.20% 34.81 88.2% 
EAC02 6.0 36.48% 12.41% 75.96 94.0% 
EAC03 8.5 39.67% 11.89% 118.22 96.0% 
aBase pair covered by 5 or more reads 
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Table 16. SNV genotyping set: East African sample SNV statistics 
  EAC01 EAC02 EAC03 
Total SNVs 22,982  20,403  20,590  
Homozygous SNVs 12,172  19,940  20,185  
Heterozygous SNVs 10,810  463  405  
% Heterozygous 47.04% 2.27% 1.97% 
Fws 0.48 0.93 0.92 
% Heterozygous SNVs in variable regions 15.48% 45.36% 52.35% 
% Genome consisting of variable regions 11.97% 11.97% 11.97% 

    # SNVs in coding regionsa 5,418  8,880  8,940  
# Synonymous SNVsa 2,178  3,592  3,607  
# Non-synonymous SNVsa 3,240  5,288  5,333  
# SNVs in intronsa 977  1,571  1,625  
#SNVs in putative promotersa 2,992  4,891  4,945  
# SNVs in UTRsa 736  1,215  1,222  
# SNVs intergenic regionsa 2,750  4,568  4,648  

    Base pairs per SNVa 984  1,109  1,099  
% SNVs in coding regionsa 42.1% 42.0% 41.8% 
% of genome consisting of coding regionsb 54.6% 54.6% 54.6% 
aOnly homozygous SNVs are used in the calculation 
bGenome size - 22,621,101 bp; Coding regions - 12,348,368 bp 

 

Table 17. SNV genotyping set: SNV statistics 
# SNV sites 55,713  
# SNVsa 55,807  
# SNV effectsb 59,104  
# SNVs in coding regions 24,426  
# Synonymous SNVs 9,883  
# Non-synonymous SNVs 14,543  
# SNVs in introns 4,399  
#SNVs in putative promoters 13,878  
# SNVs in UTRs 3,238  
# SNVs intergenic regions 13,163  

  Base pairs per SNV 406  
% SNVs in coding regions 41.3% 
% of genome consisting of coding regionsc 54.6% 
aIncludes 94 multi-allelic SNVs 
bIncludes multiple effects caused by a single SNV 
cGenome size - 22,621,101 bp; Coding regions - 12,348,368 bp 
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Table 18. SNV genotyping set: chromosome statistics 
1 830,022  2,133  389 
2 755,035  2,131  354 
3 1,011,127  2,991  338 
4 876,652  2,776  316 
5 1,370,936  3,723  368 
6 1,033,388  2,734  378 
7 1,497,819  3,669  408 
8 1,678,596  3,874  433 
9 1,923,364  4,667  412 
10 1,419,739  3,997  355 
11 2,067,354  4,952  417 
12 3,004,884  6,817  441 
13 2,031,768  4,728  430 
14 3,120,417  6,521  479 
Total 22,621,101  55,713  406 

 

  



 

	  

123 

Table 19. SNV genotyping set: East African chromosome statistics 

 
  

Table 19: SNV genotyping set: East African chromosome statistics 

  
EAC01 

 
EAC02 

 
EAC03 

Chr 
Length 

(bp) 
# of 

SNVs 
Base pairs per 

SNV   
# of 

SNVs 
Base pairs per 

SNV   
# of 

SNVs 
Base pairs per 

SNV 
1 830,022 863 962 

 
771 1,077 

 
779 1,066 

2 755,035 830 910 
 

680 1,110 
 

702 1,076 
3 1,011,127 1,080 936 

 
1,042 970 

 
1,060 954 

4 876,652 1,172 748 
 

993 883 
 

1,029 852 
5 1,370,936 1,527 898 

 
1,380 993 

 
1,387 988 

6 1,033,388 1,100 939 
 

990 1,044 
 

997 1,037 
7 1,497,819 1,594 940 

 
1,307 1,146 

 
1,315 1,139 

8 1,678,596 1,586 1,058 
 

1,486 1,130 
 

1,490 1,127 
9 1,923,364 1,991 966 

 
1,748 1,100 

 
1,714 1,122 

10 1,419,739 1,477 961 
 

1,340 1,060 
 

1,381 1,028 
11 2,067,354 2,123 974 

 
1,875 1,103 

 
1,913 1,081 

12 3,004,884 2,980 1,008 
 

2,608 1,152 
 

2,613 1,150 
13 2,031,768 2,003 1,014 

 
1,746 1,164 

 
1,734 1,172 

14 3,120,417 2,656 1,175 
 

2,437 1,280 
 

2,476 1,260 
Total 22,621,101 22,982 984   20,403 1,109   20,590 1,099 
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Table 20. Genetic polymorphisms in drug resistance genes from relapsing isolates 
Gene Chr SNV AA Ref BrazilI EAC01 EAC02 EAC03 
pvcrt 1 T330262C 5' UTR T C C ND C 
PVX  T330482C 5' UTR T T T T T 
087980  G330484T 5' UTR G G G G G 
  C330495A 5' UTR C C C C C 
  T331151C Intron T C C C C 
  T332453C Intron T C C ND C 
  A332874C Intron A C C ND C 
  G333391A Intron G G A A A 
  A333518G Intron A A G G G 
  T333544C Intron T T C C C 
         
pvmrp 2 G153936A F1629 G G ND A A 
PVX  C154067T H1586Y C C C C C 
097025  G154391A V1478I G A ND A A 
  G154567C G1419A G G G G G 
  T154646G Y1393D T G ND G G 
  T154979A L1282I T T T T T 
  T155127G I1232 T T ND G G 
         
pvdhfr 5 C964763G S58R C A G G G 
PVX  T964796C Y69 T C T T T 
089950  G964939A S117N G A A A A 
  G964970A P127 G G A A A 
  A965106C I173L A C A A A 
         
pvmdr1 10 C361917G K1393N C C C C G 
PVX  T362031C K1355 T T T T T 
080100  A362870G F1076L A A G G G 
  G363032A L1022 G G G G G 
  T363169A Y976F T T A A T 
  G363223A T958M G A A A A 
  T363374G M908L T G G G G 
  G363563A L845F G G G G G 
  C364004T G698S C C T T T 
  T364509C T529 T C C C C 
  A364557T S513R A A T T T 
  C364598T D500N C T C C C 
         
pvdhps 14 G1256840A Intron G G A A A 
PVX  T1257042C P654 T T C C C 
123230  G1257064A A647V G G A A A 
  G1257856C A383G G C C C C 
  G1257859C S382C G C G G G 
  C1258389T M205I C T T T T 
    T1258579C E142G T T C C C 
ND – not determined 

 



 

	  

125 

Table 21. P. vivax core chromosome regions (excludes subtelomeric and internal variable regions) 

Chromosome Start End 
1 27,000 751,000 
2 115,000 710,000 
3 31,000 800,000 
4 100,000 550,000 
4 611,000 780,000 
5 110,000 820,000 
5 910,000 1,242,000 
6 85,000 330,000 
6 440,000 523,000 
6 550,000 1,033,388 
7 26,000 1,149,000 
7 1,164,000 1,375,000 
8 145,000 1,640,000 
9 75,000 1,900,000 
10 85,000 1,188,000 
10 1,318,000 1,340,000 
11 50,000 1,965,000 
12 37,000 750,000 
12 782,000 2,956,000 
13 36,000 1,986,000 
14 115,000 2,936,000 

 

Table 22. Haplotype Block Metric 
  HapBlockMeta 
EAC01 and EAC02 709,310  
EAC01 and EAC03 329,500  
EAC02 and EAC03 714,910  
EAC02 and MaurI 6,238 
EAC02 and IQ07 5,567 
asee Supplemental Materials and Methods 

 

  



 

	  

126 

Table 23. Reciprocal Recombination Breakpoints 
Chromosome Position 
2 133,825 
3 120,116 
6 171,035 
9 73,767 

 765,742 
10 626,695 
12 48,961 

 575,776 

 1,478,608 

 1,604,599 

 1,853,972 
13 1,272,973 
14 789,896 

 1,756,051 

 1,997,589 
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Table 24. Primer sequences for 8 genetic markers in P. vivaxa 
Genetic Marker Primer Sequence 

Microsatellite MS16 
 Forward primary TTCCTGATGACAATTTCGACGG 

Reverse primary TCTCTTCCCATTTGAGCATCGC 
Forward nested CTTGTTGTGGTTGTTGATGGTG 
Reverse nested AGTACGTCAACCATGTGGGTAG 

  Microsatellite 3.27 
 Forward primary TTTTTCAACTTGCTGCCCCCTG 

Forward nested GGACATTCCAAATGTATGTGCAGTCG 
Reverse nested CGTCATCGTCATTGCTCTGGAG 

  Microsatellite 1.501 
 Forward primary TCCTGTAACTCCTGCTCTGT 

Forward nested AATTGTAGTTCAGCCCATTG 
Reverse nested CTTACTTCTACGTGCCCACT 

  msp1F3 
 Forward primary GGAGAACATAAGCTACCTGTCC 

Reverse primary GTTGTTACTTGGTCTTCCTCCC 
Forward nested CAAGCCTACCAAGAATTGATCCCCAA 
Reverse nested ATTACTTTGTCGTAGTCCTCGGCGTAGTCC 

  Microsatellite 3.502 
 Forward primary CCATGGACAACGGGTTAG 

Forward nested GTGGACCGATGGACCTAT 
Reverse nested TCCTACTCAGGGGGAATACT 

  msp3a 
 Forward primary GAAAGAACGACTCCCTCCC 

Reverse primary CTTTTGCCTTCGCCACTTCG 
Forward nested GCRACCAGTGTGATACCATTAACC 
Reverse nested TCCTCCTTTGCCACTACTGC 

  msp4 
 Forward primary AGCCACTTCAACATGTGGAACC 

Reverse primary GATGACTCCACACATTCGGTGC 
Forward nested ATGGAGATTACAACGAGCAGGG 
Reverse nested ATCTCCACATCCCCCATTGTTG 

  msp5 
 Forward primary GATGTGGACATGTTTGAGAGGG 

Reverse primary GATGCATATTTGGTCGTCTGCG 
Forward nested GCATACAAATGAGGCCCTTCCC 
Reverse nested CCGTTACTCCTTTCTCCACTCG 
a All primers previously described in Koepfli et al. 
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Table 25. Oligonucleotide Primers 
  Oligonucleotide Sequence     
P. vivax b-tubulin (PVX_094635)  

    Left Primer CGAAAGGAAGCAGAAGGATG 
 Right Primer GGGGAGGGGAATACTGAAAA 
 Hydrolysis Probe CAGGTAGTGGTATGGGAACCTTGCTGA 
 

     Whole Genome Bait Adaptors and 
Primers 

    Adaptor CCACTCATGCAGGTGAGCGTC*T 
 

 
/Phos/GACGCTCACCTATGTCTCCCT 

 
     Amplification Primers 

    
Left Primer 

TTC[TAATACGACTCACTATAGGG]AGACATAGGTG
AGCCTC 

Right Primer CCACTCATGCAGGTGAGCGTCT   
[ ] - T7 promoter sequence       

  

 
Table 26. CNV’s in putative drug resistance genes 

    
Relative Gene Coverage 

Gene Chromosome Start End EAC01 EAC02 EAC03 
pvcrt 1 330,260 334,540 1.0419 1.0451 1.0438 
PVX_087980 

      
       pvmrp 2 153,642 158,822 0.7052 0.7406 0.7355 
PVX_097025 

      
       pvdhfr 5 964,590 966,469 0.6123 0.6134 0.6233 
PVX_089950 

      
       pvmdr1 10 361,490 366,095 1.4668 1.4562 1.4432 
PVX_080100 

      
       pvdhps 14 1,256,701 1,259,581 1.1466 1.1476 1.1538 
PVX_123230 

      
       pvgtp-
cyclohydrolase 14 1,824,997 1,826,268 0.7978 0.7781 0.7839 
PVX_123830 
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CHAPTER 4 

In this penultimate chapter, I will further explore using whole genome 

sequencing to investigate different aspects of malaria biology by examining a number 

vignettes to which I have contributed. First, I will discuss the SNV calling pipeline 

that I assembled and which has been used on many projects, both malaria and non-

malaria. Next, I will examine two projects that have used the SNV calling algorithm to 

identify P. falciparum genes responsible for drug resistance by looking for SNV 

clusters in in vitro-derived drug resistance strains. Thirdly, I will briefly explore work 

using SNVs to track in vitro parasite cultures over the period of approximately one 

year in an effort to understand the intrinsic parasite mutation rate. And, lastly, I will 

discuss two projects working again with P. vivax field strains: one looking at the 

sequence of a strain being used for controlled infection in Brisbane, Australia, and the 

other examining two parasite populations, one able to survive in the patient despite the 

presence of an effective level of chloroquine and another without this ability, from 

Papua New Guinea. 

 

The work presented in this chapter is the result of, and could not have been 

accomplished without, the efforts of many collaborators. The attempt has been made 

to recognize everyone appropriately in the acknowledgements at the end of this 

chapter. 
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SINGLE NUCLEOTIDE VARIANT CALLING PIPELINE 

Whole-genome sequencing represents a powerful experimental tool for 

pathogen research. We present methods for the analysis of Illumina whole genome 

sequencing data from prokaryotic and small eukaryotic genomes, including a 

streamlined system for identifying SNVs. The SNV pipeline has been combined with a 

novel copy number variant algorithm and a method to identify recombination events 

from whole genome sequencing data using read-pair arrangements by Micah Manary 

and is available as graphic user interface known as Platypus (Figure 23). We have 

validated our pipeline using four sets of Plasmodium falciparum drug resistant data 

containing 28 clones from 3D7 and Dd2 background strains, identifying an average of 

11 SNVs per clone. We have also extensively validated the pipeline on P. vivax 

samples, both publicaly available as well field samples, and used the pipeline to 

identify SNVs in Brucella melitensis, Plasmodium berghei, and Saccharomyces 

cerevisiae. 

 

Whole genome analysis pipeline: Getting from raw reads to raw SNVs 

Current genotyping programs are generally designed to be liberal in their 

ability to indentify potentially variant regions of the genome. As a consequence, these 

algorithms are as senssitive as possible without using imputation and are therefore ripe 

with false positives that must filtered out. Careful attention must paid to the inputs 

given to the genotyping algorithms to limit the number of false positives due to 

mapping and alignment errors and subsequently the output of the genotyping 
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algorithm must be analyzed so that SNVs are identified separate from small and 

medium indels, copy number variants, and structural variants. 

 

The first step in analysis is to align the raw reads (fastq files) to the genome of 

interest. For the vast majority of our analyses we use only one reference genome but 

for the P. vivax field samples we will usually align a subset to both the human genome 

and the P. vivax SalI reference genome. This allows us to accurately assess human 

DNA contamination and compare the various sequencing library preparation methods 

in their ability to remove human DNA. Fastq files obtained from sequencing are 

aligned to the reference using the Burrow Wheeler Aligner (BWA) (v. 0.5.9+). To get 

a more accurate alignment we soft clip (do not use for analysis but do not remove 

from the file) bases with quality score 2 and below (H. Li & Durbin, 2009). While we 

have had success with BWA and Bowtie2, a number of alignment programs now exist 

running the gamut from well-supported thrid party free software to commercial 

software relaesed by bioinformatics companies and the sequencing companies 

themselves. These programs include BWA, Bowtie2 (used by PlasmoDB, the malaria 

reference databse), BLAT, BFAST, ELAND, and iSAAC to name a few. In my 

experience most of these programs do a passable job of aligning short read sequencing 

data to a reference genome, and, for SNV calling, the value is added in how the 

alignment is processed. In contrast, for analyzing sequencing data from other types of 

experiments such as RNA-seq, ChIP-seq, etc., certain aligners are more accepted by 

the community than others. In addition, as the read lengths invariably lengthen as time 
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goes on, aligners will have to be retested to ascertain their ability to handle the 

different data. To this effect BWA as already released a new algorithm to account for 

read lengths in excess of 150 bp. The pipeline I have constructed is modular and any 

aligner can be substituted for BWA with little additional effort 

 

Following alignment, PCR duplicates are identified and marked in sample files 

using Picard (v. 1.51) MarkDuplicates. This is an important step to reduce false 

coverage due to sequencing the same molecule more than once and is especially 

important when analyzing capture data, which require additional PCR steps to 

produce. Aligned reads are then realigned around indels and areas of high entropy 

using the Genome Analysis Toolkit (GATK) IndelRealigner. This step corrects for the 

fact that reads are aligned separately and in areas with indels even a gapped aligner 

such as BWA might find multiple best-fit alignments. IndelRealigner will examine 

these areas and locally realign the entire area to find which of the identified 

alignments is most supported by the data.  

 

Next, the base quality scores of realigned reads are recalibrated using GATK 

TableRecalibration (DePristo et al., 2011). This step recalibrates the base quality 

scores of all the reads so that they are representative of the empiric mismatch rate 

between various covariates and the reference genome. The empirical quality scores 

contrast significantly with the machine based quality scores, which are more a 

measure of the ability of the machine to discern one flourescent signal from another. 
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After realignment and recalibration the samples were considered “clean” and ready for 

use in downstream analysis. 

 

With regards to actual analysis, the "cleaned" reads are first analyzed by 

GATK DepthOfCoverage to calculate genome wide coverage metrics and loci covered 

to a certain percentage (DePristo et al., 2011). For all GATK DepthOfCoverage 

analyses the minimum mapping quality (mmq) was set to 29 and the minimum base 

quality (mbq) was set to 20. While obviously more coverage is better, we have been 

able to call SNVs reliably from genome-wide coverage as low as 5.0 but the calls 

come predictably from a much smaller subset of the total genome. We usually have 

good results with a genome-wide coverage of 50.0 for our laboratory strains and 

clonal field samples, but as more work is being done to understand malaria infection in 

the field it is being increasingly recognized that the vast majority of infections are 

polyclonal. In order to accurately identify SNVs from the minor strains in these 

infections, greater sequencing coverage will be required. 

 

Finally, SNVs are identified using GATK UnifiedGenotyper with the options 

mbq 20, mmq 29, stand_emit_conf 10, and stand_call_conf 50. In addtion the Base 

Alignmet Quality metric is used, which coupled with the base recalibration expalined 

above, is the most effective tool at reducing the number of false positive SNV calls. 

The output of the UnifiedGenotyper is a Variant Call Format (VCF) file which 

contains a number of annotations for each variant including the mapping quality, 
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variant quality as a function of depth, etc. Additionally each sample is annotated with 

the number of reference reads and number of alternate reads. All of these annotations 

are used in subsequent analysis to cull the false positives from the final dataset giving 

the user a high quality set of SNVs. Additionally the annotation filters are easily 

scalable allowing the user to set the sensitivity/specificity level to whatever they 

desire. 

 

Distinguishing true SNVs from false calls 

While it is possible to filter the VCF files from the UnifiedGenotyper by 

individually passing filter levesl to be used for each annotattion, or in practice those 

annotations that are the most discriminatory, it would be much better to use a training 

set of known SNVs to train an algorithm to identify those annotations and their 

specific levels that represent a true SNV call and then stratify the VCF file into 

tranches of differing sensitivity levels. The key thing this approach accomplishes is it 

allows SNVs to be called robustly from different types of sequencing data. As just one 

example, hand filtering two datasets, one from a 50.0X coverage run and one from a 

low-pass 10.0X coverage run, is not possible as the likihood that the filters for the 

50.0X dataset are also appropriate for the 10.0X dataset is small. In addition, the user 

can specify the sensitivity tranche he/she wished to use for downstream analysis 

allowing for increased levels of stringency based the ultimate scientific question being 

addressed. 
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The algorithmic work to identify the filter levels appropriate for discriminatory 

annotations was predominantly carried out by Micah Manary. To identify a robust set 

of filters for use with our P. falciparum sequencing data, we began with a list of 

17,230 known SNVs identified using traditional Sanger resequencing of Dd2 to 7X 

coverage (S K Volkman et al., 2007) and deposited in PlasmoDB 

(http://plasmodb.org). These distinguish the multidrug-resistant P. falciparum 

laboratory strain Dd2, oringinally isolated in Southeast Asia, from the African drug-

sensitive reference strain, 3D7. We then compared a P. falciparum Dd2 strain short-

read dataset obtained in our lab to the P. falciparum reference (3D7 strain) sequence. 

Our Dd2 sequence was generated with 70 bp paired-end reads on an Illumina Genome 

Analyzer II to a mean of 31X coverage with 96.4% of reads being covered by 5 reads 

or more. We considered the 17,230 Sanger-sequenced, curated SNVs to be true 

positives. All other SNVs detected were considered false positives, although it is 

likely that some of the novel SNVs (genetic diversity in the subtelomeric regions 

especially is extremely high, approaching 90% diversity in at least one base position 

between field samples (Barry et al., 2007)) are indeed true genetic differences. We 

then worked to identify a set of filters, which would have the sensitivity to detect at 

least 90% of the known SNVs, while eliminating as many ‘novel’ SNVs as possible. 

 

Because the entire mathematical domain of all commonly used filters is too 

large to search exhaustively in efficient computational time, we developed a genetic 

searching optimization algorithm that searched over the entire domain of filters that 
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characterize WGS data. In this case we forced the sensitivity at various levels (0.80, 

0.90, 0.95) and searched for the maximum specificity at each of those levels. Our 

objective function was a simple linear combination of all possible quality metrics for 

SNV data generated by the GATK and Picard (http://picard.sourceforge.net), with a 

varying polynomial coefficient matrix. 

 

Each set of parameters used in the optimization algorithm sorted the true 

positives into two categories (“called” or “not called”) and similarly sorted the false 

positives; these calls were then evaluated for accuracy. Parameter results were 

compared and filtering sets that provided high specificity for a given level of 

sensitivity were carried over to the next round. The filters were then varied slightly 

within all successful sets, and individual parameters swapped between sets. After 100 

iterative cycles, the most successful sets of filters converged on a single result – a 

theoretical optimal filtering set. 

 

Optimal filtering sets were created for varying sensitivity levels. We generated 

iso-surfaces for 95%, 90%, and 80% sensitivity for three of the parameters and also 

traced the route of maximal specificity on each of those surfaces. Principal component 

analysis did not yield any statistically significant common genomic features (e.g. 

position on chromosome, position within gene, base pair transition) of the false 

positives detected, but 55% (2203 of the 4033 novel calls) were found in the 12% of 

the genome we define as sub-telomeric (within 100,000 bp of the chromosomal end) 
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and which likely lie in regions that were not adequately covered by the 7X Dd2 Sanger 

sequencing deposited on PlasmoDB. This set of filters is thus implemented in our 

pipeline and was used for subsequent analyses. 

 

Validation of the optimal filtering set 

To further test the validity of our chosen optimized SNV filtration, and to test 

the accuracy of the predicted sensitivity (90%) and specificity (86%), we next 

evaluated the algorithm’s ability to find rare mutations in isogenic lines created in our 

laboratory. We gathered WGS data from five separate chemical resistance experiments 

involving known and experimental antimalarial compounds. In these experiments a 

clonal 3D7 or Dd2 line was exposed to sublethal concentrations of the small-molecule 

inhibitor for 2-4 months. Parasites were then sub-cloned by limiting dilution and 

genomic DNA (gDNA) was sequenced, along with the gDNA of their isogenic 

parental clone. All strain genotype data were compared to the parent so that only 

genomic changes arising after chemical selection pressure would be identified. These 

strains have demonstrated resistances to a variety of small molecule inhibitors 

(atovaquone (Bopp et al., 2013), cladosporin (Hoepfner et al., 2012), spiroindolones 

(Rottmann et al., 2010a) and imidazolopiperazines (Meister et al., 2011)) and 

microarray analysis predicted their genomes have a small number of genomic 

differences (<100 loci) distinguishing them from their parent clones. These differences 

were initially detected using a custom Affymetrix P. falciparum tiling microarray (N 

V Dharia et al., 2009) and confirmed using Sanger sequencing or qPCR. We used 
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available WGS data for the atovaquone, spiroindolone, and imidazolopiperazine lines. 

New whole genome data was generated for three clones resistant to cladosporin that 

previously had only been analyzed by microarray. Altogether we analyzed data from 

26 clones with their respective two parents, all sequenced to 25-83X coverage using 

paired-end reads with ~150 bp fragment size on the Illumina Genome Analyzer II and 

Illumina HiSeq platforms.  

 

For each of the 26 whole genome sequencing sample datasets, the Platypus 

pipeline was able to analyze and filter the sequencing data from tens of thousands of 

SNVs to a median of 6 final SNV calls. These results included 100% sensitivity 

concordance with the respective microarray results, including all of the 17 unique 

SNVs that had been previously implicated by microarray in drug resistance. 

Furthermore, the sequencing identified three additional mutations also implicated in 

drug resistance that had previously been identified by targeted sequencing, as well as 

127 additional mutations. More importantly, Platypus detected all SNVs that conferred 

the respective drug resistance phenotype and highlighted those which would cause a 

nonsynonymous change in amino acid and alter protein function. The 63 SNVs that 

were output by the Platypus program (ranging from 2-44 per sample) were confirmed 

as true hits by Sanger sequencing. In addition, 12 SNVs in the atovaquone resistant 

samples that were closest to the cutoff line, but still excluded, were chosen as 

validation targets of a true negative result. These regions were then sequenced and 

found to be insertion/deletion events, which our program is not currently designed to 
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detect. These results confirm that the program is robust and does not misinterpret 

sequencing data for Plasmodium spp. In addition, the power of the program is clear – 

in each sample the Platypus filtered out everything (to the best of our knowledge) 

except that which was most relevant to the experiment. The time and effort saved by 

removing the long process of manual curation will have a major impact on the analysis 

of WGS data for Plasmodium and eukaryotic pathogen genomes in general. These 

methods can be directly applied to a variety of other pathogens as well, and we hope to 

see collaborative efforts to expand the pipeline to other organisms. 

 

There is no standard set of filtering parameters to use with GATK, so no direct 

comparison can be made between our set and any other ones. However, we note that 

the Platypus reduces the total number of SNVs from raw data by a factor of 

approximately 103-104. While we cannot comprehensively genotype the tens of 

thousands of SNVs called initially by GATK or SAMTools, we have verified in 

atovaquone resistant lines that 12 of the SNVs called by PLATypUS are true genetic 

variants, and so far none of the 19 we have genotyped that were excluded were done 

so erroneously. 

 

A similar algorithmic approach has also been completed for P. vivax. The 

challenge in expanding this filtering to P. vivax is the lack of a curated set of known 

SNVs. In order to come up with a training set, we instead took the highest quality 

SNVs from a selection of P. vivax parasites from around the world. Parasites included 
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publicly available strains as well as strains sequenced in our lab. SNVs identified in 

these strains were included in the training set only if they were covered by 20 or more 

reads, had a root mean square mapping quality of 50.0 or greater, and had a quality by 

depth of 5.0 or greater. This training set is now available to be used in all subsequent 

P. vivax analyses, and the approach to forming the training set (an iterative process 

using high quality SNVs) can be expanded to other organisms as well. 

 

The complete pipeline described here (from read cleaning to SNV calling) has, 

along with the Platypus GUI, been written for use over a high-performance computing 

cluster. This allows one to theoretically analyze as many samples as the number of 

nodes that can be recruited. In practice we have been able analyze 69 samples 

distributed over 69 unique computers in a 12 hour period thereby drastically reducing 

the time required to analyze raw sequencing data into a usable format. 

UTILIZING THE SNV CALLING PIPELINE TO IDENTIFY VARIANTS RESPONSIBLE FOR 

RESISTANCE TO NEW ANTI-MALARIALS 

The SNV calling pipeline was first used (other than the pure proof-of-concept 

study presented in chapter one) to identify variants between a parental strain and a 

strain that had been evolved to be resistant to a new class of anti-malarials that had 

been identified in a novel liver stage screen designed by Stephan Meister and David 

Plouffe. The SNV calling pipeline used for this study was relatively crude and did not 

use any of the read cleaning steps other than marking PCR duplicates. Without these 

steps the pipeline still was workable but it identified thousands of false positives that 
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had to be exlcuded by hand. Despite this shortcoming, this analysis definitively 

demonstrated that the whole genome sequencing was superior to our previous method 

that utilized a whole genome tiling microarray by identifying many more SNVs in the 

ultimate gene of interest (Figure 24). 

 

The novel liver stage screen is presented in brief, along with the lead 

compound, below. Further details of the sequencing analysis are then presented. 

 

Abstract  

Most malaria drug development focuses on the symptomatic erythrocytic 

stages even though to achieve eradication next-generation drugs active against both 

erythrocytic and the preceding non-pathogenic exo-erythrocytic forms (EEFs) would 

be preferable. Here we apply a chemical systems biology approach to a set of >4,000 

commercially available compounds with previously demonstrated blood stage activity 

(IC50 < 1 µM), and identify chemical scaffolds with potent activity against both forms. 

We show that a new imidazolopiperazine (IP) scaffold series is overrepresented in 

hepatic stage hits. Consistently, an orally available optimized IP lead with potent in 

vivo blood-stage therapeutic activity also confers complete causal prophylactic 

protection (15 mg/kg) in rodent models of malaria. The open source chemical tools 

resulting from our effort provide potential starting points for drug discovery programs 

as well as opportunities for researchers to investigate the biology of EEFs. 
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Introduction  

Plasmodium is naturally transmitted by the bite of an infected female 

Anopheles mosquito. During the bite, the sporozoites are injected with the mosquito's 

saliva and find their way to the host liver. There the parasites multiply asexually as 

EEFs during an asymptomatic incubation period of ~1 week prior to emerging into the 

blood stream. This initiates the asexual erythrocytic cycle that is responsible for 

disease manifestations. While the EEFs of some Plasmodium species have a limited 

life span, in the case of P. ovale and P. vivax the parasite can persist within the liver in 

a dormant hypnozoite form for periods ranging from several months to years - the 

longest reported case being 30 years for P. vivax (Trampuz, Jereb, Muzlovic, & 

Prabhu, 2003). Upon their reactivation (via a mechanism that remains unknown), 

hypnozoites can re-populate the blood with rapidly multiplying parasites that can 

cause pathology. As a consequence, hypnozoites represent a formidable barrier to the 

eradication of malaria. 

 

Using a refined in vitro assay with P. yoelii sporozoites and HepG2-A16-

CD81EGFP cells (Gego et al., 2006), we examined a library of compounds active 

against P. falciparum blood stages for liver-stage activity. The data reveal substantial 

differences between blood and liver stages and identify a chemically diverse group of 

molecules active against both stages of the parasite life cycle. Among these are a 

group of new experimental compounds that have activity against the earliest 

developmental liver stages.  
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Liver-stage activity high-throughput screen 

The goal was to screen many thousands of compounds for liver-stage activity, 

thus we needed to create a robust, reproducible assay and image analysis script to 

automate data collection. This work resulted in an assay in which 8,000 sporozoites 

freshly dissected from infected Anopheles stephensi mosquitoes were added to each 

well of a 384-well plate, with ~15,000 hepatoma cells per well. After a two-day 

incubation in the presence of compound (to permit maturation of the intrahepatic 

parasite), the host cell and parasite nuclei were labeled with Hoechst 33342 and the 

parasites were labeled with αPyHSP70 antibodies. A Perkin Elmer high-content 

imaging system was used to capture 25 images for each well of the 384-well plate. We 

also created a custom Acapella™ (PerkinElmer) script parameterized for this assay to 

analyze the images. For this, morphology-based and intensity-based features were 

extracted for each liver cell nucleus and each parasite. The infection ratio was set as 

the ratio between parasite number (αPyHSP70 positive) and the number of host nuclei 

per well. To quantify compound effects, we determined median parasite size to be 

preferable to the infection ratio.  

 

We subsequently screened a set of antimalarials derived from a collection of 

commercially available compounds that had previously been tested for activity against 

blood stage P. falciparum parasites (Crowther et al., 2011). Chemical scaffold analysis 

based on chemical fingerprint similarities (Yan, Asatryan, Li, & Zhou, 2005) revealed 
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that the library of 5697 compounds was comprised of 2715 independent chemical 

scaffold clusters, some of which were unique to this library and some of which were 

also hits in independent screens. Of the 5697 compounds, 4422 were available for the 

liver screen. Of the 4422 compounds, 655 caused a >50% inhibition in P. yoelii 

parasite liver schizont area at 10 µM. 275 of those were reconfirmed (fitted IC50 < 10 

µM) with 229 compounds having an IC50 of less than 1 µM and 86 having less than 

100 nM. 

 

Scaffold clustering of liver-stage hits 

A major challenge associated with translating compounds into drugs is in 

determining, which of the leads are the most promising for further medicinal 

chemistry efforts aimed at increasing their exposure, physicochemical properties, and 

potency. To identify which of the 2715 scaffold clusters contained in the entire 

compound library would yield the most promising leads for liver-stage drugs, the 

statistical enrichment of 655 primary liver hits (compounds causing >50% parasite 

growth inhibition at 10 µM) among these clusters was calculated using an 

accumulative hypergeometric mean function (HMF). This identified 62 primary 

clusters using a cutoff of p<0.05 that were over- or under-represented in the liver-stage 

hits.  

 

One scaffold class of saturated cyclic amines with a predicted high probability 

of being associated with liver-stage activity, in addition to blood stage activity, was 
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the imidazolopiperazine (IP) cluster. Here, all three members in the original screening 

dataset (Pf-5069, Pf-5179 and Pf-5466) shared the same IP saturated cyclic amine 

chemical core and showed activity in the P. yoelii liver assay (HMF p=0.0035). These 

compounds also showed submicromolar IC50s against in vitro P. falciparum blood 

stage cultures, including the multidrug-resistant strain W2.  

 

Medicinal chemistry work led to the design of an optimized 8,8-dimethyl IP 

analog (GNF179) that exhibited improved potency (4.8 nM against the multidrug 

resistant strain W2), in vitro metabolic stability and high in vivo oral bioavailability 

(58%) required for an antimalarial drug development candidate. GNF179 also exhbit 

efficacy in an animal prophylaxis model. 

 

GNF179 works through a new mechanism.  

Sporozoites are believed to reach the liver within minutes (Shin, Vanderberg, 

& Terzakis, 1982). Because GNF179 could be acting against sporozoites instead of 

hepatic stages, the compound was also administered to mice six hours after infection 

and luciferase imaging showed no blood stage infection developed. These data suggest 

that the target of GNF179 is continuously needed for growth and development of the 

parasite in the liver. 

 

To confirm that the mechanism of action was novel, P. falciparum Dd2 and 

3D7 parasite strains were exposed to increasing concentrations of members of the IP 
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series (GNF452, GNF707, Pf-5069) until resistance emerged. Mutants were then 

cloned and the genomes of the resistant clones were compared to the parental parasites 

using high-density microarrays or full genome sequencing (Figure 24). These evolved 

strains showed no cross-resistance (changes in IC50) for mefloquine (~16 nM), or 

artemesinin (~6 nM). Microarray analysis revealed only a handful of high probability 

genetic changes per mutant genome. Notably, only a single gene (PFC0970w), which 

we have named P. falciparum Cyclic Amine Resistance Locus (pfcarl), encoding an 

uncharacterized protein with seven predicted transmembrane regions, was mutated in 

all strains. We observed no new genetic changes in pfmdr1, pfcrt, or any other known 

drug resistance gene.  

 

Full-genome sequencing of four of the independently derived drug-resistant 

clones showed only six high quality SNPs distinguishing the drug-pressured parasites 

from the parental Dd2 clone. Five of those SNPs were in pfcarl. Assuming there are 

5500 genes in P. falciparum, the probability of this many independent events (all 

nonsynonymous changes) in the same gene is conservatively less than 2.0x10-18. 

Additional selection of Dd2 parasites with related scaffolds produced three separate 

sets of resistant clones (D1, D2, D3) that each harbored a single non-synonymous 

point mutation in pfcarl. 

 

Homologs of pfcarl are conserved across almost all eukaryotic genera, 

including humans (OrthoMCL Group Summary (OG4_11754)), and the homolog is 
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essential in C. elegans (Maeda, Kohara, Yamamoto, & Sugimoto, 2001). Analysis of 

the corresponding yeast deletion strains (Winzeler et al., 1999) suggest that it plays a 

role in protein folding in the endoplasmic reticulum (Jonikas et al., 2009), a process 

that in Plasmodium would presumably be required in both blood and hepatic stages. 

All mutations observed in our resistant clones affected amino acids that were 

evolutionarily conserved. Polymorphism data across various different strains in P. 

falciparum (obtained from PlasmoDB) also indicate strong conservation. Although 

more work is needed to characterize this gene, our data suggest that the IPs have a 

novel mechanism of action and that pfcarl could represent a conserved and novel drug 

target or resistance gene. 

IDENTIFICATION OF SNVS INVOLVED IN RESISTANCE TO MOLECULAR INHIBITORS 

OF A P. FALCIPARUM PROTEASE 

The technique developed in the last section has since become a standard 

technique in the Winzeler lab and one with which we have had much success. We 

continue to evolve resistance to new anti-malarials and currently Dr. Winzeler is 

leading a consortium funded by the Bill and Melinda Gates Foundation to evolve 

resistance to 50 anti-malarials in a effort to create a large scale chemical genetics 

database. All of these studies will utilize the SNV calling algorithm I have 

documented here. 
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Here we were able to quickly not only identify the SNV putatively responsible 

for resistance but also demonstrate that there were only two other genetic changes 

within the genome (Harbut, et al., 2012). 

 

Abstract 

Early secretory and endoplasmic reticulum (ER)-localized proteins that are 

terminally misfolded or misassembled are degraded by a ubiquitin- and proteasome-

mediated process known as ER-associated degradation (ERAD). Protozoan pathogens, 

including the causative agents of malaria, toxoplasmosis, and leishmaniasis, contain a 

minimal ERAD network relative to higher eukaryotic cells. Herein, we exploit this 

fact to show that the malaria parasite Plasmodium falciparum is highly sensitized to 

the inhibition of components of this protein quality control system. Using a variety of 

approaches, including activity-based protein profiling, mammalian cell- and yeast-

based assays, and resistance selection, we show small molecule inhibitors of a 

protease component of malarial ERAD, PfSPP, simultaneously disrupt the protein’s 

ability to facilitate degradation of unstable proteins and inhibit its proteolytic function, 

resulting in lethality for the parasite. Collectively, these data validate ER quality 

control as a novel vulnerability for the parasite and specifically, confirm the suitability 

of PfSPP as an antimalarial target. 

 



 

	  

151 

Introduction 

P. falciparum resides within a terminally differentiated erythrocyte, which is 

elaborately remodeled by the parasite to allow the infected cell to escape immune 

detection while also facilitating nutrient uptake and waste disposal in a cell with 

normally low metabolic activity. A necessary component of the parasite’s capacity to 

inhabit the erythrocyte is the establishment of an elaborate parasite-derived protein 

secretory network that allows protein trafficking to destinations beyond the parasite, 

including the parasitophorous vacuole and erythrocyte cytosol and plasma membrane 

(Maier, Cooke, Cowman, & Tilley, 2009). 

 

The parasite’s endoplasmic reticulum (ER) is the hub of the secretory pathway, 

having only a minimal golgi, where secretory proteins are folded and targeted for their 

respective destination. Within the mammalian cell ER exists a highly coordinated and 

extensive monitoring system to ensure that properly folded proteins are secreted to 

distal locations and that terminally misfolded proteins or peptides are quickly 

degraded via the ubiquitin-proteasomal system in the cytosol in a process known as 

ER-associated degradation (ERAD) (Smith, Ploegh, & Weissman, 2011). P. 

falciparum relies exlcusively on the ERAD pathway to maintain ER homeostasis. 

Lacking any transcriptional or translational response, the routine identification and 

subsequent disposal of misfolded proteins would be the parasite’s only compensatory 

mechanism during periods of ER stress. Herein, we have investigated the hypothesis 
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that parasites must rely on ERAD and therefore P. falciparum should be highly 

vulnerable to small molecules that inhibit ERAD-associated proteins.  

 

A bioinformatics approach identifies a minimal ERAD pathway in protozoan 

pathogens, of which P. falciparum shows heightened susceptibility to inhibition 

A recent analysis of the UPR machinery in protozoan parasites revealed a 

distinct UPR characterized by the absence of transcriptional regulation and therefore 

entirely reliant on translational attenuation in response to ER stress (Gosline et al., 

2011). As a result of this, L. donovani parasites have heightened sensitization to 

compounds that promote ER stress, such as DTT (reducing agent) and thapsigargin 

(Ca2+-transporting ATPase inhibitor) (Gosline et al., 2011). We conducted our own 

bioinformatics survey and the same trend appears to be the case for P. falciparum. 

 

Our investigation of this hypothesis using standard ortholog detection tools 

revealed a striking lack of putative ERAD orthologs in P. falciparum relative to the 

extensive mammalian network (Figure 25). All functional modules of the ERAD 

pathway, including protein recognition, translocation, ubiquitin ligation, and protein 

extraction, showed far fewer orthologs in P. falciparum relative to the corresponding 

mammalian pathway. We expanded our inquiry to three other pathogenic protozoans, 

T. gondii, L. infantum, and T. cruzi, to assess whether the reduction of the ERAD 

genome is a common feature among protozoa (Figure 25). On average, each protozoan 

investigated showed a ≈60% decrease in orthologs shared with the mammalian ERAD 
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system. The reduction in protozoan ERAD genes suggests that the pathway as found 

in the parasites may be less dynamic than its mammalian counterpart, which may 

explain why the parasite is less capable of coping with ER stress beyond levels 

normally encountered (e.g., treatment with thapsigargin) in the usually static 

environment of the host cell. It also suggests that the loss of function of individual 

components of the pathway would severely compromise parasite viability. 

 

Due to the inherent genetic intractability of P. falciparum, we initially 

undertook a small molecule-based approach to investigate the effects on P. falciparum 

of inhibitors that target an array of ERAD pathway members. We focused on ERAD 

proteins identified in P. falciparum with known associated inhibitors, including: 

luminal and cytosolic heat shock protein 90 (HSP90) (Egorin et al., 2002), ER lumen-

localized protein disulfide isomerase (PDI) (Hoffstrom et al., 2010), cytosolic AAA 

(ATPase associated with diverse cellular activities) ATPase p97 (or Cdc48; VCP, 

valosin-containing protein) (Chou et al., 2011; Q. Wang, Li, & Ye, 2008), ER 

intramembrane aspartyl protease SPP (Weihofen, Binns, Lemberg, Ashman, & 

Martoglio, 2002), and the proteasome. P. falciparum parasites were indeed highly 

susceptible to each of the inhibitors to varying degrees, though all compounds 

displayed IC50 values of less than 10 mM (Figure 26). In addition, each inhibitor was 

assayed against the human hepatocyte HepG2 cell line and a selectivity index was 

produced to determine the fold-increase for the inhibitor towards P. falciparum over 

the human cell line. As predicted majority of compounds were more potent for P. 
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falciparum over the human cell line (Figure 26). This data suggests that P. falciparum 

is acutely susceptible to inhibition of the ERAD pathway. 

 

Since P. falciparum was strikingly sensitive to SPP inhibitor LY-411575 we 

decided to focus on the validation of P. falciparum SPP (PfSPP). PfSPP is most 

similar to mammalian SPP1, which is an aspartyl protease (~40 kDa) in the same 

family as presinilins, but is found in the ER membrane with protease active site motifs 

(YD and LGLGD) located within nine transmembrane domains, in opposite 

orientation to that found in the intramembrane aspartyl protease gamma-

secretase/presenilin (PS) (Martoglio & Golde, 2003). Because of presinilin’s central 

role in the pathology of Alzheimer's disease, a large number of inhibitors have been 

developed towards this intramembrane aspartyl protease, and most of these inhibitors 

show cross inhibition of SPP. Therefore, we screened a series of small molecules 

based on the drug-like LY-411575 scaffold (in a collaboration with the Novartis 

Institute for Tropical Diseases (NITD)), and show the top two hits, NITD731 and 

NITD697, with IC50s of 17 nM and 65 nM, respectively (Figure 26).  

 

PfSPP is an component of ERAD and this role can be inhibited by small molecules 

To understand whether PfSPP plays a role in ERAD, we first assessed the 

localization of PfSPP by indirect immunofluorescence (IFA) utilizing a PfSPP 

antibody. Throughout the parasite life cycle, we observed strict perinuclear 

localization of PfSPP in the endoplasmic reticulum/golgi (ER/golgi) complex, in 
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accordance of what has been previously observed with human SPP1 (Casso, Tanda, 

Biehs, Martoglio, & Kornberg, 2005; Krawitz et al., 2005). Localization of PfSPP at 

the ER would be required for its involvement in the spatially restricted process of 

ERAD. 

 

To assess the effect SPP inhibitors have on the ability of parasites to cope with 

ER stress, we treated P. falciparum parasites simultaneously with both thapsigargin 

and SPP inhibitors and analyzed the effects of the drug combinations for evidence of 

synergy. Thapsigargin causes the release of calcium from the ER, compromising the 

ER's ability to produce properly folded proteins and is lethal to parasites (Booth & 

Koch, 1989). The combination treatment of thapsigargin with the SPP inhibitors (Z-

LL)2, LY-411575, or NITD731 produced synergistic parasiticidal effects beyond what 

would be expected by simply adding the effects of the individual compounds together. 

This suggests that the synergy between SPP inhibitors and thapsigargin is due the both 

the ER stress (thapsigargin) and the parasite’s compromised ability to manage it 

(PfSPP inhibition), which further connects PfSPP to proper ERAD function.  

 

Identification of PfSPP inhibitor targets by selection of resistant parasites 

To complement the above studies, we also used a chemical-genetic approach to 

identify the target(s) of SPP inhibitors by the generation and sequencing of resistant 

parasites to the panel of potent SPP inhibitors LY411,575, NITD731 and NITD697. 

Identification of genetic changes in the resistant parasite lines may provide details as 
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to the molecular target of the compounds in culture (Nzila & Mwai, 2010; Rottmann et 

al., 2010b). Drug-resistant parasites were selected by the application of sub-lethal 

amounts of the inhibitor over a period of months, with drug concentration increasing 

concomitantly as parasite resistance increased. We successfully selected for resistant 

parasites for each of the inhibitors, and the resulting resistant lines were found to be 

more than 5 fold resistant each compound to than the parental Dd2 clone (Figure 27). 

Analysis of the resistant lines to the antimalarial chloroquine showed no significant 

differences in sensitivities to these compounds, suggesting the mechanism of 

resistance is likely not the drug efflux pump responsible for chloroquine resistance. 

 

To identify a putative genetic change in the pfspp gene (PF14_0543) that 

conferred resistance to the SPP inhibitors we generated clonal parasites lines from 

each resistant parasite trial by limiting dilution. Next, cDNA transcribed from RNA of 

resistant parasites was subjected to PCR, cloned and sequenced. Strikingly, 

sequencing analysis of the PfSPP coding sequence for each parasite line revealed a 

single non-synonymous mutation, L333F (Figure 27). From the PfSPP coding 

sequence it is known that the L333 residue resides in transmembrane domain 8, near to 

the highly conserved PAL motif, a hydrophobic region necessary for activity in both 

SPP and PS (Figure 27). No crystal structural yet exists for PfSPP, hindering 

predictions on the role of the L333 residue for the mechanism of PfSPP proteolysis. 
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To ascertain if there were any “off-target” mutations resulting from the in vitro 

selection protocol, we obtained whole-genome sequencing (WGS) data by using the 

Illumina platform for NITD731r. For NITD731r, we obtained 42× bulk genomic 

coverage with 90.8% of the genome covered by five or more high quality bases. This 

resistant clone was compared with WGS data for the parent Dd2 clone, for which we 

obtained 24× bulk genomic coverage with 71.0% of the genome covered by five or 

more high-quality bases (Table 27). In total, 7,834 high-quality variants were found in 

the two sequenced strains. Of these variants, 7,831 are found in the parental and the 

resistant strain, and represent the genetic differences separating the Dd2 strain from 

the 3D7 reference to which the strains were compared. The remaining three variants 

represent genetic differences between the parental clone and the resistant clone (Table 

28). One of these is the L333F mutation originally found in pfspp by Sanger 

sequencing. The other two mutations consist of an intronic mutation in 

PF3D7_0103500 and a nonsynonymous mutation in PF3D7_1135400. 

PF3D7_1135400 is annotated as a hypothetical gene in PlasmoDB 9.1, and may 

represent another direct binding target or may be strictly involved in a unknown 

resistance mechanism; however, that this gene is purely hypothetical limits our ability 

to analyze its role in this resistance mechanism. Additionally, the variant detected in 

an intronic region of PF3D7_0103500, appears to be a reversion event back to the 3D7 

reference sequence. While this type of event could theoretically occurr, the probability 

of such an event happening in such a short period of time is quite low without a 

corresponding mechanism of selection. Further investigation of this SNV shows that 
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the genetic variant identified here is actually an insertion between the Dd2 parent and 

resistant clone, which at this time are are not specifically detected by our pipeline. 

Detection of these types of events is a functionality that will be added to the pipelie in 

a future release. 

 

The importance of this mutation in generating resistance in live parasites was 

confirmed by creating transgenic parasites with the mutation of interest. To do this, the 

L333F PfSPP gene was amplified from cDNA of a resistant parasite line and ligated 

into an expression vector that would allow for transposase-mediated integration into a 

parasite genome (Balu, Shoue, Fraser, & Adams, 2005). Transgenic parasites 

expressing either WT PfSPP or L333F PfSPP were generated and were then assayed 

for growth while in the presence of increasing drug concentration. Parasites 

overexpressing the L333F PfSPP showed statistically significant increased resistance 

to NITD731 relative to those overexpressing a wild type allele (Figure 27). In both our 

heterologous assay and transgenic parasites we observed a decreased level of 

resistance conferred by L333F relative to the original drug-selected resistant parasite 

lines. This is potentially due to the existence of other mutations in multi-drug 

resistance transporters in the resistant lines that synergize resistance to the drug to a 

level beyond what the isolated mutation provides. It is also likely a product of the 

coexpression of the mutant PfSPP and endogenous wild-type allele in our transgenic 

parasite lines. Together, the resistance conferred by the expression of L333F PfSPP 

suggests that the target of the inhibitors used to generate resistant parasites is PfSPP. 



 

	  

159 

 

Our collective data here suggest that SPP represent a valid anti-protozoan drug 

target, as protozoan parasites contain a radically simplified ER quality control 

network, which likely makes them extremely susceptible to inhibitors thereof. Our 

most potent SPP inhibitor, NITD731, is lethal to CQ-resistant parasites, and has an 

IC50 in the range of currently used antimalarials such as artemisinin and atovaquone 

and also kills T. gondii. Thus, while medicinal chemistry optimization may be 

necessary for specific species targeting, inhibition of SPP may represent a valid anti-

protozoan strategy. 

MITOTIC EVOLUTION OF PLASMODIUM FALCIPARUM SHOWS A STABLE CORE 

GENOME BUT RECOMBINATION IN ANTIGEN FAMILIES 

Along with the above work investigating genetic changes in laboratory strains 

under selection with anti-malarials, the Winzeler lab also set up an experiment to 

explore two related questions: one, what was the basal mutation rate of the parasite in 

culture, and, two, does this mutation rate change when the parasites are placed under 

selective pressure. The initial impetus for this project was to come up with a model of 

how many genetic variants to expect in our in vitro derived resistance experiments, 

which had ben a sticking point with reviewers at the outset. 

 

Parasite strains were continually cultured for more than one year with various 

sub-cloning steps along the way. Cultures were maintained completely drug free as 

well as with continuous drug pressure and drug pressure that was cycled on and off. At 
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the end of the time course, parasite strains were sequenced as well as analyzed by 

whole genome tiling microarray and SNVs were identified. This project marked the 

first time that we sequenced a large number of strains at one time and necessitated 

developing wet lab and analysis techniques to quickly ascertain the success or failure 

of a particular sequencing run. Overall very few SNVs were identified indicating that 

the parasite genome is relatively stable with respect to base pair mutations. Drug 

pressure also did not select for an increased mutation rate as some in the field have 

hypothesized. 

 

More interestingly, work by Selina Bopp and Micah Manary showed that the 

ends of the chromosomes were particularly vulnerable to deletions and translocations. 

This work utilizing a novel copy number variant algorithm and read pair arrangement 

analysis, has identified a heretofore unknown mechanism potentially responsible for 

var gene diversity in P. falciparum. In future work, hopefully these new, powerful 

analysis methods will be standardized and added to the pipeline as already completed 

for SNV analysis.  

 

Abstract 

Malaria parasites elude eradication attempts both within the human host and 

across nations. At the individual level, parasites evade the host immune responses 

through antigenic variation. At the global level, parasites escape drug pressure through 

single nucleotide variants and gene copy amplification events conferring drug 
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resistance. Despite their importance to global health, the rates at which these genomic 

alterations emerge have not been determined. 

 

We studied the complete genomes of different Plasmodium falciparum clones 

that had been propagated asexually over one year in the presence and absence of drug 

pressure. A combination of whole-genome microarray analysis and next-generation 

deep resequencing (totaling 14 terabases) revealed a stable core genome with only 38 

novel single nucleotide variants appearing in seventeen evolved clones (avg. 5.4 per 

clone). In clones exposed to atovaquone, we found cytochrome b mutations as well as 

an amplification event encompassing the P. falciparum multidrug resistance 

associated protein (mrp1) on chromosome 1. We observed 18 large-scale (> 1 kb on 

average) deletions of telomere-proximal regions encoding multigene families, 

involved in immune evasion (9.5 × 10-6 structural variants per base pair per 

generation). Six of these deletions were associated with chromosomal crossovers 

generated during mitosis. We found only minor differences in rates between 

genetically distinct strains and between parasites cultured in the presence or absence 

of drug.  

 

Using these derived mutation rates for P. falciparum (1.0 – 9.7 x 10-9 

mutations per base pair per generation), we can now model the frequency at which 

drug or immune resistance alleles will emerge under a well-defined set of 

assumptions. Further, the detection of mitotic recombination events in var gene 
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families illustrates how multigene families can arise and change over time in P. 

falciparum. These results will help improve our understanding of how P. falciparum 

evolves to evade control efforts both within individual hosts and large populations. 

 

Introduction 

A primary reason why malaria is difficult to control is its genome’s ability to 

recombine and/or mutate away from a protective immune response or drug pressure. 

For example, the development of an effective vaccine has been hampered by the 

prevalence of strain-specific immunity, where vaccination with one antigenic 

haplotype protects for only one specific variant (Genton et al., 2002). To date, this has 

been attributed to pre-existing genetic diversity; however, it may also be that escape 

mutants emerge in vaccinated individuals. Plasticity of the Plasmodium genome can 

also contribute to the evolution of resistance against anti-malarial drugs. Single 

nucleotide variants (SNVs) and copy number variants (CNVs) in target and resistance 

genes allow the parasites to evade drug pressure. Most notably, the emergence of 

chloroquine-resistant parasites ultimately caused a huge resurgence in the number of 

malaria cases in the 1990s. Although these two mechanisms are well described, it is 

not understood how often variation arises during mitotic asexual growth or how 

quickly SNVs accumulate in the absence of selection pressure. 

 

In addition to diversity at the population level, there is also variability within 

the individual parasite. Multigene families, where only one or few members are 
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expressed, provide antigenetic diversity and allow the parasite to persist in a host. 

Recombination events which occur in meiosis (Freitas-Junior et al., 2000; Kerr, 

Ranford-Cartwright, & Walliker, 1994) as well as mitosis (Duffy, Byrne, Carret, 

Ivens, & Brown, 2009) give rise to new variants in these already diverse families. This 

genetic variability in parasites, both in an individual host and on a population level, 

allows the parasite to evade the host immune system even in the absence of 

transmission (i.e. during dry seasons).  

 

Given this remarkable genetic diversity, it is not surprising that naturally-

infected patients often carry multiple, genetically distinct parasite clones. The 

multiplicity of infection (MOI) has traditionally been estimated with a handful of 

genetic markers, which may encode proteins under strong selection by the host 

immune system. However, these methods are not comprehensive enough to measure 

true parasite heterogeneity and many variants are missed within an individual (Juliano 

et al., 2010; Robinson et al., 2011). It is unclear whether parasite heterogeneity is 

created through multiple infectious mosquito bites, heterogeneity in a single mosquito 

inoculation, or evolution of new genetic changes (SNVs and structural variants) within 

the human host. 

 

Knowing the rate at which genetic changes occur is critical to understanding 

the emergence of drug resistance, the evolution of antigen polymorphisms and 

multigene families, and the patterns of malaria transmission. It is not possible to study 
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neutral parasite mutation rates in humans due to the influence of selection pressure of 

the host immune response and genetic host-to-host variability. Previous 

quantifications of the mutation rate have focused only on single genes under drug 

selection (Paget-McNicol & Saul, 2001). The basal rate at which mutations drive 

Plasmodium evolution has therefore never been measured at the whole-genome level 

and much must be inferred.  

Using whole-genome sequencing as well as whole-genome tiling arrays, we 

have determined the rates at which genetic changes occur in clonal parasite 

populations in the absence of immune and drug pressure in vitro. In addition to the 

accumulation of SNVs in the core genome, we observed major deletions in the 

subtelomeric regions and identified seven mitotic recombination events. The rates of 

these events were not changed by the addition of atovaquone, a commonly used anti-

malarial drug. 

 

Generation of clonal P. falciparum lines in long-term in vitro culture 

To study the natural genomic plasticity of P. falciparum, we investigated how 

the parasite genome changes over time. A single clonal parent was split into six lines. 

To investigate the effect of selection pressure on the mutation rate, five parasite lines 

were exposed to atovaquone (ATQ), a hydroxy-1,4-naphthoquinone that targets the 

mitochondria-encoded cytochrome bc 1 (CYTbc 1) complex of the electron transport 

chain of Plasmodium parasites (Srivastava, Morrisey, Darrouzet, Daldal, & Vaidya, 

1999). ATQ is a component of Malarone, a traveler’s medicine drug combination 
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currently used to prevent or treat malaria. Resistance mutations are known to arise 

quickly (Looareesuwan et al., 1996). Five lines were exposed to various 

concentrations of ATQ (R1, R2 and R3: 2 nM, R4: 20 nM, R5: 50 nM) and one line 

was cultured without drug pressure (S1) for up to a year (Figure 28). For each line, 

two clones were selected (three clones for the drug-free line). The four clones of lines 

R1 and R2 were retained in culture and cloned again (R1a/b and R2a/b, generation 1 

and 2). Growth inhibition dose-response assays confirmed that ATQ-resistant clones 

had indeed acquired at least a 9-fold increase in EC50 values for ATQ compared to the 

3D7 parent (Figure 28). Hence, we were able to evolve drug-resistant parasite clones 

that are 10-fold more tolerant to ATQ than their parent. To facilitate the analysis of 

different parasites lines on a whole-genome level, all lines were cloned by limiting 

dilution before being expanded to isolate DNA for further analysis and were as 

genetically homogenous as could be expected after this process.  

 

Long-term in vitro cultivation of P. falciparum reveals few small genomic changes at 

the whole-genome level  

Next we identified the number of genetic changes by comparing the genomes 

of all seventeen clones to the original 3D7 parental clone using comparative genomic 

hybridization analysis. The whole-genome tiling microarray we used covers 76% of 

the coding regions and 41% of the non-coding regions and has a SNV discovery rate 

of 91% and a false discovery rate of 11% (N V Dharia et al., 2009). The 

PfGenominator software was used to analyze the microarray data and predicted 15 
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polymorphisms (N V Dharia et al., 2009). Capillary sequencing revealed that two of 

these polymorphisms were deletions, while two were false positives and eliminated 

from further analysis. 

 

As the microarray does not cover the whole genome, the parent and sixteen 

clones were further analyzed by whole-genome sequencing (WGS) using paired-end 

60 bp reads with an average 145 bp insert size. On average, 91.8% of the P. 

falciparum genome was covered by five or more reads, with clones having between 

73.5% and 99.9% of the genome covered by fivefold or greater coverage (Table 29). 

To assess the clonality of our haploid parasite populations, we calculated the number 

of positions where a significant amount of nucleotides were different from the most 

prevalent nucleotide. On average, only 235 positions were detected throughout the 

whole genome and we thus deemed coverage by five or more high quality reads 

adequate to call SNVs accurately. Areas with less than five-fold coverage included 

highly repetitive regions such as the telomere repeats and the flanking telomere 

associated regions (TARs) as well as certain conserved regions within gene families 

such as the var, rifin, and stevor families. It is therefore possible that some genetic 

changes in these hard-to-align and poorly annotated regions were not detected. 

 

The WGS data was analyzed with the Platypus (described above), which 

integrates many community-developed tools into a pipeline to first align the reads to 

the reference genome and then detect SNVs. To decide on the characteristics of a true 
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SNV, a computer-learning algorithm was trained on a set of 10,500 known SNVs. The 

WGS data confirmed ten of the fifteen polymorphisms detected by the microarray and 

identified an additional 25 SNVs across all clones (Figure 29). To verify that a 

reasonable cutoff was set to call SNVs in Platypus, six SNVs that did not make the 

cutoff were analyzed by capillary sequencing, and sequencing confirmed that all 

clones, including the parent, had the same sequence at four of the six events. The other 

two events were in fact small deletions but were discarded by the Platypus software as 

it is designed to detect SNVs only at this point. In summary, 38 SNVs were detected 

by microarray and WGS and the construction of a cladogram with all polymorphisms 

in the genome (38 SNVs, nineteen deletions, and one duplication) confirmed the 

known evolutionary relationship between the clones (Figure 29). 

 

To estimate how closely related our 3D7 parent is to the reference 3D7 

genome, we compared the WGS data to the 3D7 reference sequence from PlasmoDB 

v9.1. While on average only 5.4 SNVs distinguished a single clone from the parent, 

we detected 58 SNVs in the parental 3D7 clone relative to the 3D7 reference (Figure 

29). It is not clear whether these differences are true SNVs or due to 

sequencing/assembly errors from the lower coverage reference genome sequencing 

efforts (Gardner et al., 2002), platform differences, or from the different sources of 

genomic DNA used in the sequencing projects; however, they highlight the 

importance of having a recent, isogenic reference genome for such comparative 

studies. 
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ATQ pressure directs the selection but does not alter the mutation rate 

We compared the genetic changes acquired in the sensitive clones to the ATQ-

resistant clones. As expected, all ATQ-resistant clones acquired SNVs in cytochrome 

b, the target of the drug, while the sensitive clones did not (Figure 29 and Figure 30). 

Mutations were observed at amino acid position 133 (M133V in R1 pairs and M133I 

in R2, R3, and R4 pairs), as well as an L144S change in R4 and an F267V mutation in 

the clones R5. In addition, we found a single amplification event on chromosome 1 in 

the same R5 sister clones (Figure 30). Interestingly, this ~220 kb amplified region 

encompasses PFA0590w (PF3D7_0112200), which encodes the P. falciparum 

multidrug resistance associated protein 1 (PfMRP1), a protein that has been implicated 

in parasite resistance to chloroquine and quinine but has not been associated with 

naphthoquinone resistance (J Mu et al., 2003; D K Raj et al., 2009). 

 

In order to determine if this amplification leads to cross-resistance, we tested 

our mutants against a series of diverse anti-malarial drugs (Figure 30). Only the strains 

that contained the amplification (R5) were cross-resistant to decoquinate, a compound 

that also targets cytochrome b (Nam et al., 2011) (~10X, p < 0.0001, one way 

ANOVA followed by a Dunnett posttest). In contrast, the R4 clones, which showed 

the strongest EC50 shift for ATQ compared to the parent, were no more resistant to 

decoquinate than the parent or the other ATQ-resistant clones. While the presence of 

ATQ selected for SNVs in cytochrome b, it had little influence on the overall number 
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of genetic changes accumulated in ATQ-resistant clones (0.02 genetic changes per 

days in culture) compared to parasite clones cultured without drug pressure (0.01 

genetic changes per day in culture, p = 0.08, unpaired student t test). Our data suggest 

that external influences such as drug pressure do not appreciably increase the genetic 

variability of P. falciparum. 

 

Having identified the number of isolated genetic changes present in each clone, 

we calculated the mutation rate per base pair per generation based on the number of 

mutations detected within each clone and the total time in culture for each clone 

(Figure 28 and 29) (Foster, 2006; Niccum et al., 2012). To accurately calculate the 

mutation rate, we needed to include not only the observed SNVs but also those SNVs 

that were lethal/deleterious, which were unobserved due to loss of mutants from the 

population. The selection force against nonsynonymous mutations causes the 

appearance of fewer mutants than actually occurred; thus, using observed mutations 

alone would cause a downward bias in the mutation rate estimate. To correct for this 

selection bias, we calculated the dN/dS ratio of P. falciparum to be 0.59, which 

confirmed the presence of selection. This indicates that 40% (35.5-21)/35.5 of 

nonsynonymous mutations are deleterious or lethal. Thus, our observed 21 

nonsynonymous exonic mutations most likely came from a population of 

approximately 35.5 true exonic nonsynonymous SNVs. Having accounted for 

selection, we used a generalized linear model with a linear link function and Poisson 

distributed error to estimate the mutation rate for each individual clone. We calculated 
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an average mutation rate of 1.7 x 10-9 (SD: 1.2 x 10-9) per base pair per generation for 

the 3D7 lines in the absence of drug pressure and 4.6 x 10-9 (SD: 2.5 x 10-9, student t 

test alpha > 0.05) for the ATQ-resistant clones. These per base pair per generation 

mutation rates are comparable to other organisms such as yeast (3.3 x 10-10) (Lynch et 

al., 2008), Drosophila melanogaster (8.4 10-9) (Haag-Liautard et al., 2007), and 

humans (1.1 to 2.5 x 10-8) (Nachman & Crowell, 2000; Roach et al., 2010). If we 

assume mutation rates of 1.7 x 10-9 per base pair per generation and a selection 

disadvantage against nonsynonymous mutations of 40%, this would result in 0.04 

mutations per surviving daughter parasite on average. Thus, after 25 generations, 

every surviving parasite would be expected to have accumulated one mutation relative 

to its parent.  

 

Antigenic gene families in subtelomeric regions acquire structural variants 

We examined the data for structural variants using both microarray 

(manifested as a substantial loss of hybridization for multiple consecutive probes, or 

an increase in signal for a block of probes) and WGS (a lack of aligned reads or an 

increase in read pileup). All derived clones were compared to our parental 3D7 clone. 

In addition to the above mentioned single amplification event in two sister clones 

exposed to ATQ (R5a and R5b), we detected eighteen independent large-scale (>1000 

bp) deletions of subtelomeric regions (within ~60 kb of the telomere) and one 

chromosome internal deletion in the seventeen clones analyzed by microarray as well 
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as WGS. Comparison of our 3D7 parent to the available 3D7 genome from PlasmoDB 

v9.1 revealed a deletion on chromosome 2 in our parental clone. 

 

Structural variants can be the result of a variety of events including double-

strand breaks and mitotic recombination. To investigate if the observed deletions in 

multigene families were associated with mitotic recombination events, we further 

analyzed the boundaries of the detected structural variants in the same paired-end read 

WGS data set used for variant discovery. Since read pairs are generated on the same 

fragment of DNA, they normally map to the same chromosome. However, at the edge 

of a deletion, we found that reads aligning towards the deletion often had read pairs 

that aligned to a different chromosome, indicating a likely recombination event. The 

read coverage at the position of the read mate on the other chromosome was often 

twice the expected number, suggesting a gene conversion event where DNA from one 

chromosome is added onto another, thereby doubling the donor sequence, while the 

original sequence in the recipient chromosome is lost.  

 

To test this hypothesis, we extracted the reads that aligned within 1000 bp of 

each predicted deletion as well as the reads within 1000 bp of their pair mates on a 

different chromosome. A read from the deletion site was used as a seed to generate a 

de novo assembly of all these extracted reads. Seven contigs could be assembled that 

spanned between 1000 and 4000 bp of the sequence next to the deleted region as well 

as the sequence from a different chromosome indicating a recombination event. 
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Sanger sequencing of three predicted recombination events confirmed the presence of 

two new chimeric var genes consisting of PFF0010w (PF3D7_0600200) and 

MAL13P1.1 (PF3D7_1300100) as well as PFA0005w (PF3D7_0100100) and 

PF10_0001 (PF3D7_1000100). The third recombination was already present in the 

parent and involved intergenic regions close to var genes on chromosome 2 and 12. As 

the parasite is haploid during the asexual blood stage phase of its cycle, the 

rearrangements of the genome observed here are results of rearrangements during 

mitotic growth.  

EXPERIMENTALLY INDUCED BLOOD-STAGE P. VIVAX INFECTIONS IN HEALTHY 

VOLUNTEERS 

Along with the in vitro results presented above, we continue to use the 

techniques developed for analyzing whole genome sequencing data on parasite 

samples collected in the field setting. In this vein, I had the opportunity to analyze a P. 

vivax sample collected from a patient returning to Australia from the Solomon Islands. 

What made this sample particularly unique, though, was the fact that it was being 

cultivated for use in controlled P. vivax infection experiments. 

 

As stated at the end of chapter three, investigation of P. vivax hypnozoites and 

efficacy studies for novel anti-hypnozoite drugs will need to be conducted in non-

endemic areas using either patients who have been removed from endemic areas or, 

more practically, controlled infections. We were fortunate to work with a group from 

the Queensland Institute of Medical Research who was preparing a proof-of-concept 
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controlled infection study and were able to use whole genome sequencing to analyze 

the parasite strain being used. This allowed the characterization of a likely resistance 

profile for the strain as well as giving a baseline from which to track parasite evolution 

throughout the course of infections. 

 

Abstract 

Major impediments to develop vaccines and drugs for Plasmodium vivax 

malaria are the inability to culture this species in vitro, and the extreme difficulty in 

undertaking clinical research by experimental infection. Here we describe the 

collection and detailed characterization of a P. vivax parasite bank collected from a 

49-year-old woman who presented to a hospital in Brisbane, Australia with P. vivax 

infection, and the subsequent conduct of an experimental infection study in two 

volunteers using this isolate. The donor made a full recovery from malaria following 

bank collection, which tested negative for all agents routinely screened for in blood 

donations. DNA sequence analysis of the isolate indicated resistance to 

pyrimethamine, significant divergence from strains so far sequenced, and suggested 

that the isolate was clonal. Recipients inoculated with the isolate developed 

parasitemia, as detected by PCR on days 8 and 9, and symptoms of malaria and blood 

smear positivity on day 14 when they were treated with Artemether/Lumefantrine, 

with rapid recovery. Transcripts of the parasite gene pvs25 that is expressed in 

gametocytes, the lifecycle stage infectious to mosquitos, were first detected on days 11 

and 12 suggesting that these infected individuals may be infectious to mosquitos at 
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this very early of infection. This system offers the opportunity to undertake studies 

previously impossible in P. vivax, and will facilitate understanding of the pathology of 

vivax malaria and the development of much needed drugs and vaccines. 

 

Introduction 

The development of a method to maintain P. falciparum in continuous culture 

in 1976 (Trager & Jensen, 1976), has enabled fundamental research on the biology of 

this parasite, including improving understanding of the pathogenesis of falciparum 

malaria, and has greatly facilitated drug and vaccine development. Continuous in vitro 

culture has also greatly facilitated clinical research, by enabling the conduct of 

controlled human malaria infections (Duncan & Draper, 2012). This can be achieved 

either through inoculation of sporozoites by the bite of laboratory bred mosquitos 

infected by feeding on well defined P. falciparum-infected blood (Chulay et al., 1986), 

or using cryopreserved sporozoites produced from mosquitos infected in the same way 

(Epstein et al., 2011). An alternative is induced blood stage infection, achieved by 

intravenous injection of well-defined P. falciparum-infected erythrocytes (Cheng et 

al., 1997). An significant advantage is that the human blood and strain of P falciparum 

required for either approach can be characterized in advance, thereby ensuring that 

there is no contamination with adventitious agents. 

 

In contrast, the inability to undertake continuous culture of P. vivax has 

significantly hampered study of this plasmodium species. Although it can be adapted 



 

	  

175 

to infect non-human primates, this approach poses significant ethical and logistical 

challenges. Induced infection with P. vivax, either by the bite of an infected mosquito 

or by intravenous injection of infected blood was an accepted therapy for 

neurosyphilis until the development of penicillin (Chernin, 1984). For a range of 

reasons, experimental blood stage infection for study of immunity (Tobie, Abele, 

Hill  2nd, Contacos, & Evans, 1966) or drug development (Trenholme et al., 1975) 

ceased over 50 years ago.  

 

The combined impediments of not being able to keep P. vivax parasites in 

continuous culture, and the ethical and safety concerns of direct person to person 

transmission has meant that the only experimental approaches to much needed 

controlled human malaria infection studies has been by feeding mosquitos on P. vivax-

infected patients, and then using these mosquitos to infect human volunteers (Herrera 

et al., 2009). This procedure is logistically challenging, not readily available, and is 

hampered by problems of reproducibility, and by the fact that on each occasion the 

infecting strain of P. vivax will likely be different, not clonal, and not well 

characterized in terms of genetic makeup and drug sensitivity. Further, with sporozoite 

infection, there is the need to eradicate latent liver infection with hypnozoites by 

treatment of the volunteers with primaquine, an approach that is not reliable, with 

relapses having been reported in controlled infection studies despite using appropriate 

doses of primaquine (Bennett et al., manuscript submitted), thus raising safety 
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concerns. In this manuscript we report the establishment of a system to undertake 

induced blood stage malaria with a well-characterised strain of P. vivax. 

 

Ethics 

The collection of malaria infected blood from patients attending Royal 

Brisbane and Womens and Princess Alexandra Hospitals, Brisbane Australia, was 

approved by the responsible Human Research Ethics Committee 

(HREC/10/QRBW/379). The preparation and the preservation of the infected blood 

bank and the Phase 1 clinical trial encompassing experimental infection was approved 

by the Human Research Ethics Committee of the Queensland Institute of Medical 

Research (P1478). The trial was registered with the Australian New Zealand Clinical 

Trials Registry (registration number: 12612001096842). 

 

Case 

A 49 year old woman with a history of splenectomy in childhood following 

trauma returned to Brisbane, Australia in February 2012 following a trip to the 

Solomon Islands where she had participated in volunteer work. She had not taken 

antimalarial prophylaxis and was blood group A, Rh-ve. She developed symptoms of 

malaria, including fevers, chills, headaches, rigors, lethargy and generalized myalgia 

13 days following her return. Blood films were positive for P. vivax at very low 

density and infection with P. vivax alone was subsequently confirmed by PCR. On 

admission to hospital she was febrile to 39.5° C, tachycardic at 120 bpm, with a blood 
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pressure of 100/57. After she provided written informed consent, ~200 mL of blood 

was collected into a leukodepletion blood collection pack (CPD/SAG-M 

QUADRIPLE BAG SYSTEM-WBF3; Pall Medical). Immediately afterwards, in 

addition to supportive therapy including fluid therapy, oral antimalarial treatment with 

Artemethur-Lumefantrine (Coartem) was promptly commenced in accordance with 

Australian Guidelines14. Within 24 hours, her fever had subsided and her condition 

improved.  

 

Within 24 hours of collection, the blood was leucocyte-depleted using the 

inline filter that was a component of the leukodepletion blood collection pack 

[Author’s Note: The time frame used in this experiment was not satisfactory. Blood 

must be leukocyte depleted within four hours to ensure that the leukocytes do not 

lyse]. After centrifugation to separate red cells from plasma, the blood was mixed with 

the cryopreservation agent Glycerolyte 57 (Baxter Healthcare Corporation, USA), 

following a method previously reported to result in successful cryopreservation of P. 

vivax (Borlon et al., 2012). Aliquots were dispensed into 1ml cryovials, frozen in a 

controlled rate freezer at 40C/minute, and stored in vapour phase in a dedicated liquid 

nitrogen tank in a secure environment. This process was performed in accordance with 

Good Manufacturing Practice (GMP) requirements. The leukodepleted blood tested 

negative for bacterial contamination, and for EBV and CMV provirus by PCR. 
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DNA sequencing of the parasite. 

Bulk genomic DNA was isolated from frozen leukocyte-depleted blood 

samples using the DNeasy Blood and Tissue kit (Qiagen) as per the manufacturers 

instructions. DNA sequencing was carried through the standard Illumina library 

preparation process using Adaptive Focused Acoustics for shearing (Covaris), end-

repair, A-tailing and ligation (New England Biolabs). The sequencing library was 

sequenced on an Illumina Hi-Seq2000. Samples were pair end sequenced for 101 base 

pairs per read and one 7 base pair index read using Illumina v. 3 chemistry. Base calls 

were made using Illumina RTA (v. 1.12) software. Data for the sample sequenced in 

this study is available in the NCBI Sequence Read Archive [SRX217056]. Fastq files 

obtained from sequencing were aligned to the Sal1 reference (PlasmoDB 9.1) using 

BWA (v. 0.6.2) with soft clipping of bases with quality score 2 and below (H. Li & 

Durbin, 2009). PCR duplicates were next identified and marked using Picard (v. 1.51) 

MarkDuplicates. Aligned reads were then realigned around indels and areas of high 

entropy using GATK (v. 2.0+) IndelRealigner, and the base quality scores of realigned 

reads were then recalibrated using GATK BaseRecalibrator (DePristo et al., 2011). 

After realignment and recalibration the samples were considered “clean” and ready for 

use in downstream analysis. Genome wide coverage and loci covered to a certain 

percentage were calculated using GATK DepthOfCoverage (DePristo et al., 2011). 

For all GATK DepthOfCoverage analyses the minimum mapping quality (mmq) was 

set to 29 and the minimum base quality (mbq) was set to 20. Single nucleotide variant 

(SNV) discovery was conducted on the ten publicly available P. vivax genomes [North 



 

	  

179 

Korea I: SRP000316, Mauritania I: SRP000493, Brazil I: SRP007883, India VII: 

SRP007923, IQ07: SRP003406, SA94 – SA98: SRA047163]. Only those reads from 

each sample that aligned in proper pairs were used in the SNV discovery process 

(samtools view –f 2) (H. Li et al., 2009). SNVs were identified in each sample 

individually using GATK UnifiedGenotyper with the Base Alignment Quality option 

(-baq CALCULATE_AS_NECESSARY) and stringent filters were applied to achieve 

the highest confidence SNV set possible with GATK VariantFiltration. The filters 

used included minimum of depth of coverage of 20, minimum 

ReadDepthAndAllelicFractionBySample of 1.0, maximum Fisher’s Exact test for 

strand bias of 3.0 (~50%), and maximum HaplotypeScore of 3.0 (~50%). 47,436 high 

confidence SNVs were identified during the SNV discovery process. The 47,436 high 

confidence SNVs were then genotyped in the sample using GATK UnifiedGenotyper. 

Those SNVs genotyped as heterozygotes were used only for analysis of clonality and 

excluded from other analyses. The resulting VCF file was analyzed using MATLAB 

v. 7.12.0.635 (The Mathworks). Principal components analysis was conducted and all 

SNV plots were created with MATLAB. For the Fws metric, the population statistic 

was computed using all the publicly available P. vivax genome sequences that also 

contain geographic information. 

 

PCR for quantification of P. vivax parasitemia 

A previously published consensus Plasmodium species rtPCR (Safeukui et al., 

2008) was modified to utilize TaqMan hydrolysis probe chemistry. This PCR assay 
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was designed to amplify a conserved 199 base pair target of the multicopy, and highly 

conserved 18S rRNA gene. Quantification of parasites was achieved using P. 

falciparum control standards previously described (Rockett et al., 2011).  

 

Quantification of gametocytemia 

The level of P. vivax gametocytes in blood was quantified by RTPCR by 

measuring the level of a mRNA transcript that is expressed in mature gametocytes, 

psv25 (Tsuboi et al., 1998). 5.0µl of RNA was used to quantify pvs25 transcripts using 

5.0µl of Qiagen One-Step PCR buffer, 1ul of 10mM Qiagen One-Step dNTP mix 

(Qiagen, Australia), 10pmol of each primer, 4pmol of each probe and 1.0µl of Qiagen 

One-Step RT enzyme to make a 25.0 µl final reaction volume. Oligonucleotide primer 

and probe sequences for PCR amplification of a conserved 95 base pair region of 

Pvs25 were: forward primer 5’ ACCTTTCCGAAAATACATGTGAAGA 3’, TaqMan 

probe 5’ FAM AGAAAGAAACCCTAGGCAAAGCATGCGG-BHQ1 3’, and 

reverse primer 5’ GGGTTTTCTATACACTGGCCAAAT 3’. The RTPCR was 

performed on the Rotorgene 6000 or Rotorgene Q (Qiagen, Australia) under the 

following conditions: 30min incubation at 50°C, 15min incubation at 95°C, followed 

by 45 cycles of 95°C for 15sec and 60°C for 1min. Quantification was performed in 

triplicate, and the average recorded. To control for potential DNA contamination, an 

additional PCR reaction was run in parallel as above, with the following 

modifications: prior to addition of nucleic acid template, the above master mix was 

incubated at 95°C for 5 min to heat inactivate the reverse transcriptase enzyme. After 
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incubation, samples were subject to PCR amplification using the following conditions: 

10 min incubation at 95°C, followed by 45 cycles of 95°C for 15 sec and 60°C for 1 

min. RNA standards for reference controls were prepared as follows: a 267 base pair 

fragment of the pvs25 mRNA sequence was cloned into the pGEM-T Easy plasmid 

vector (Promega), the plasmid linearized by digestion with NotI (New England 

BioLabs), and RNA standards prepared using the Riboprobe System Transcription kit 

(Promega) as per the manufactures instructions. Triplicate spectrophotometry readings 

were used to determine RNA quantity, and purity. Ten-fold serial dilutions (7.22E^9 - 

7.22 copies/ µl) were PCR amplified in each test run and used to generate a standard 

curve. 

 

Clinical course 

Two subjects, both blood group A, Duffy positive, were inoculated on 

consecutive days with 270 µL of reconstituted blood. Retrospective quantitative PCR 

testing of aliquots of the inocula indicated that they had been injected with ~13,000 

genome-equivalents of P. vivax. Both reported non-specific mild symptoms over the 

seven days after inoculation. Symptoms consistent with early malaria began to be 

reported from day 11 in one volunteer and day 14 in the other, including headache, 

malaise and myalgia. These symptoms progressed to chills and sweats in subject one 

on the evening of day 13, and day 14 in subject 2. At this stage, both were admitted to 

the inpatient facility and treated promptly with Coartem. In the first 12 hours 

following treatment, the clinical features of malaria increased. Subject one became 
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nauseated and vomited and reported headache; one further episode of sweats was 

reported in the ensuing 12 hours. Likewise, subject two developed rigors and a 

headache, both of which resolved with symptomatic treatment. Maximal temperature 

elevations recorded in the volunteers were 39.40C and 390C respectively. All 

symptoms of malaria resolved within 24 hours of Coartem administration in both 

subjects. For subject 1, mild non-tender palpable splenomegaly was palpable on the 

morning of day 15 through to the morning of day 16, with complete resolution by day 

28. When reviewed at day 28 the subjects had remained well following discharge, with 

no subsequent adverse events reported. When reviewed at day 28 both subjects were 

completely well. Serologic follow up 90 days after completion of the study did not 

reveal any change in serostatus for blood-borne virus. 

 

Course of parasitemia 

Parasites were first detected by PCR on days nine and eight for volunteers one 

and two respectively; parasitemia peaked on the day of treatment (day 14 AM and PM 

respectively) at 53,560 and 224,140 parasites/mL respectively (Figure 31). Parasites 

were rapidly cleared from the blood following commencement of treatment as 

determined by PCR at 30 and 36 hours respectively. Thick blood films were positive 

only at two timepoints (day 13 PM, 10 parasites/µL, both subjects; and 14 AM, 

subject 1: 44 parasites/µL).  
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Because the lifecycle stage of malaria parasites that is transmitted to mosquitos 

is known to be present in the blood early in the course of patients with vivax malaria, 

we investigated for the presence of a parasite gene transcript that is only expressed in 

mature gametocytes, using a quantitative reverse transcriptase PCR for the gene pvs25. 

This marker of mature gametocytes was first detected in the blood of the volunteers on 

days 11 and 12, two and four days after the first appearance of parasites by PCR 

respectively, with course paralleling that of parasitemia (Figure 31). 

 

DNA Sequence of the isolate 

Whole genome sequencing resulted in coverage of the genome at 24x, with 

74.3% of the genome covered by five or more high quality bases. The parasite isolate 

was typed at 47,436 likely single nucleotide variant (SNV) positions (Table 30). These 

markers were spaced, on average, 476 bases apart across the genome and evenly 

across all chromosomes (Tables 30 and 31). 41.5% of the SNV positions genotyped 

were located in coding regions, compared to 54.6% of the genome consisting of 

coding regions (Table 30); of the 20,826 SNVs located in coding regions, 59.7% were 

non-synonymous base pair changes (Table 30).  

 

The parasite strain contained mutations at 13,199 of the 47,436 assayed SNVs, 

with 5,744 SNVs located in coding regions, of which 3,459 were non-synonymous 

base pair changes (Table 30). The SNVs were spread evenly throughout the P. vivax 

genome, and spaced an average of 1,707 bp apart (Table 31). Comparison of the 
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genetic profile of this P. vivax isolate with publicly available P. vivax sequencing data 

at the same 47,436 positions (Chan et al., 2012; Neekesh V Dharia et al., 2010; D E 

Neafsey et al., 2012) demonstrated that that this strain from the South Pacific is 

distinct from currently sequenced P. vivax strains, and of the publicly available strains 

it is most closely related to those from Cambodia (Figure 32) (Chan et al., 2012). 

 

As the population of malaria parasites in a single host is very often genetically 

polymorphic due to meiotic recombination of genetically distinct male and female 

gametes in the mosquito midgut, we investigated the clonality of this isolate. Scrutiny 

of “heterozygote” SNVs identified in this haploid organism indicated that initial 

patient infection was likely to be clonal, with only 11.5% of the genotyped SNVs 

called as “heterozygotes” (Table 30 and Figure 33). In contrast, a polyclonal infection 

would have greater than 40% of the genotyped SNVs called as “heterozygotes” 

(Figure 33). Additionally, 41.8% of these “heterozygous” bases were located in 

regions of the parasite genome where current sequencing technology is less accurate 

due to repetitive sequences, namely subtelomeric regions and internal variable gene 

families that comprise only 12% of the P. vivax genome (Table 30 and Figure 33). In a 

polyclonal infection it would be expected that the percentage of “heterozygous” calls 

in these regions would approximate the percentage of the genome that these regions 

encompass. The clustered “heterozygous” SNVs identified here are therefore likely to 

be sequencing and/or alignment errors. In addition, the Fws statistic, which calculates 

the parasite diversity observed within a host, compared to the parasite diversity in the 
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population as a whole (S Auburn et al., 2012; Manske et al., 2012), is 0.91 in this 

isolate (perfect clonal = 1.0), further supporting the hypothesis that the P. vivax 

infection in the initial donor was clonal. 

 

Particular attention was paid to 49 SNVs present in five known and putative 

drug resistance genes, namely pvdhfr (PVX_089950), pvdhps (PVX_123230), pvcrt 

(PVX_087980), pvmdr (PVX_080100), and pvmrp (PVX_097025) (Table 32) (Kublin 

et al., 2002; J Mu et al., 2003; Dipak Kumar Raj et al., 2009; Reed et al., 2000). This 

isolate possessed genetic changes at 17 of 49 genotyped positions, with pvdhps being 

the only resistance gene not possessing any SNVs (Table 32) (Imwong et al., 2005; 

Menegon, Majori, & Severini, 2006). Full-length analysis of the four genes containing 

SNVs revealed two additional non-synonymous SNVs in pvdhfr, namely F57L and 

T61M. In addition, the amino acid change at position 117 was found to be the more 

resistant S to T mutation (Hastings et al., 2004, 2005; Korsinczky et al., 2004). The 

parasite strain is therefore a pvdhfr quadruple mutant (F57L, S58R, T61M, S117T), a 

genotype previously described in Indonesia and Papua New Guinea that is highly 

resistant to the antifolate drug pyrimethamine (Hastings et al., 2004). 

 

Discussion 

Much of our modern understanding of malaria is built on observational studies 

of malariatherapy for syphilis undertaken in the pre-antibiotic era (Chernin, 1984). In 

addition, experimental human infection studies are being increasingly recognized as 
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essential tools for clinical research. For example, in recent years sporozoite-induced 

experimental P. falciparum infection studies have led to major advances in the 

understanding of immunity (Roestenberg et al., 2009), and leads towards vaccine 

development (Sauerwein, Roestenberg, & Moorthy, 2011), as well as evaluation of 

blood stage antimalarial drugs (Engwerda, Minigo, Amante, & McCarthy, 2012). The 

successful characterization and in vivo testing of a P. vivax parasite bank as reported 

here offers the potential to accelerate the development of new vaccines and drugs 

against vivax malaria, as well as facilitating understanding of the pathophysiology of 

this difficult to study infection. 

 

Ethical and safety issues represent major considerations in the conduct of 

experimental infections of healthy volunteers, whether it be malaria or other pathogens 

(Kotloff, 2003; F. G. Miller & Grady, 2001). With respect to malaria, the safety record 

of controlled human malaria infections is excellent. Published safety experience with 

sporozoite-induced infections performed between 1986 and 2010 (Church et al., 1997; 

Epstein et al., 2007; Roestenberg et al., 2013) includes 613 volunteers, with no serious 

adverse events reported, apart from a 20 year-old healthy female volunteer who 

experienced a cardiac event 5 days after receiving curative therapy with 

artemether/lumefantrine (Nieman et al., 2009). The pathophysiologic relationship 

between the malaria infection and the cardiac event was never established. Although 

the safety record of induced blood stage P. falciparum infection is less substantial, a 

total of 134 volunteers in 9 studies have been infected by intravenous injection with a 
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single isolate of P. falciparum; likewise with no serious adverse events reported 

(Engwerda et al., 2012). Induced blood stage infection effectively entails the 

administration of a very small blood transfusion to volunteers. To date, active 

surveillance of volunteer recipients for the development of alloreactive red cell 

antibodies or of infection with blood borne pathogens has not resulted in any adverse 

findings. The safety of the blood used in this study was ensured by extensive screening 

for blood-borne pathogens and by quarantining the bank for six months with retesting 

of the donor. 

 

In addition to the logistical and safety advantages of induced blood stage P. 

vivax infection over sporozoite induced infection, this system enables the detailed 

characterization of the parasite isolate by DNA sequence analysis in advance of in vivo 

study. Thus, advance knowledge can be gained of the likely drug sensitivity of the 

isolate, and of parasite antigens that are believed to be vaccine targets and therefore 

under immune selection. We used whole genome sequencing to investigate markers of 

drug sensitivity, putative targets of immunity, clonality and genetic structure of this 

isolate. This analysis indicates that the isolate is clearly related to, yet distinct from, 

the publicly available P. vivax DNA sequences from Southeast Asia, and that it 

contains a quadruple mutant genotype in pvdhfr, indicating pyrimethamine resistance, 

with a set of amino acid changes previously identified in parasites from Indonesia and 

PNG.  
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The genotyping data is also indicative of a clonal infection. Of the 13,199 

SNVs identified between this isolate and the SalI reference, 11.47% were called as 

“heterozygotes” by the diploid genotyper. For the haploid malaria genome these calls 

are incongruous and are the result of either sequencing errors or a polyclonal infection. 

For a true polyclonal infection, “heterozygous” SNV calls are expected to be found 

throughout the genome, and not clustered in specific genomic areas. However, of the 

1,514 “heterozygous” SNV calls, 41.8% were located in highly variable regions of the 

genome which make up of only 11.97% of the total P. vivax genome. Due to the 

uneven distribution of “heterozygous” SNV calls, it is highly probable that the initial 

infection was a clonal infection.  

 

The uneven distribution of “heterozygous” SNVs indicates that these calls are 

likely the result of sequencing/alignment errors. The SNVs used to genotype this 

parasite sample here have all been found as high quality SNVs in at least one other 

publicly available P. vivax resequencing data set. Therefore the SNV loci themselves 

are not in areas of the genome that are inherently difficult to sequence or are 

unmappable. The errors then are most likely related to genomic changes that are 

difficult for genotyping programs to discover such as medium (30-50 bp) indels. 

Another possible explanation is that the highly variable regions in this isolate are so 

diverged, both temporally and spatially, from the SalI reference that the 

“heterozygous” SNVs represent sequencing alignment errors in these regions. Further 
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sequencing of the genomes of P. vivax isolates from this area would enable resolution 

of this uncertainty. 

 

While it is most likely that these clustered “heterozygous” SNVs are a result of 

sequencing/alignment errors, the presence of these SNVs could also indicate that the 

patient was infected with a population of parasites that shared a largely stable core 

genome but had various mutations in the subtelomeric and highly variable gene 

regions of the genome (Bopp et al., 2013)46. Such mutations may have arisen during 

asexual expansion in vivo of such a restricted parasite population. If this is the case, 

patients experimentally infected with parasites from this initial infection would be 

expected to respond similarly to antimalarial therapy, but potentially have different 

immune responses since the genes present in the subtelomeric and internal variable 

gene families disproportionately encode for red blood cell surface proteins involved in 

immune evasion. Sequencing of parasites obtained in future experimental infection 

studies could test this hypothesis. 

 

The course of parasitemia observed in this study is consistent with earlier 

reports of induced blood stage infection with P. vivax where blood stage infection was 

induced by injection of ≤100 live parasites (Boyd & Kitchen, 1946), or using a larger 

number of thawed cryopreserved parasites (~107) (Tobie et al., 1966), with a prepatent 

period by PCR of 8-9 days, and blood smear positivity and symptom onset occurring 

on days 13-14. There is a growing literature on the PCR-determined in vivo growth 
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kinetics of P. falciparum following sporozoite- or blood stage-induced infection 

(Rockett et al., 2011; Roestenberg et al., 2012), but none to date in P. vivax infection. 

The lack of a reference standard against which to calibrate the quantitative PCR 

hampers the calibration of the assay for P. vivax. Nevertheless, the onset of patency as 

determined by blood smear and the parasite counts by thick film are generally in 

accordance to what would be expected. Although PCR growth and clearance data from 

this study include only two subjects, the expected significant differences in the pattern 

of growth between P. vivax and P. falciparum appear to be present. Once the relative 

lack of precision of quantitation of parasitemia at counts below 100/ml is accounted 

for, the typical sinusoidal growth curve observed in P. falciparum infection 

(Roestenberg et al., 2012), which is attributable to the sequestration of this parasite, is 

not seen.  

 

The appearance of the gametocyte-specific transcript in the blood 3 to 3.5 days 

after the appearance of parasites as determined by PCR, and more than 2 days before 

the onset of symptoms or slide positivity is consistent with previous reports 

documenting the infectiousness of patients with submicroscopic P. vivax 

gametocytemia. Records of volunteers with induced P. vivax infection for 

malariatherapy of syphilis showed that 39.3% of mosquitos fed on patients with 

submicroscopic gametocytemia became infected (Collins, Jeffery, & Roberts, 2004). 

As no gametocytes were seen in the blood smears of either volunteer, the 
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infectiousness to mosquitos of subjects in this system will need to be investigated in 

future studies. 

 

Although the system reported here for undertaking experimental P. vivax 

infection offers the potential to significantly accelerate the development of drugs and 

vaccines for P. vivax malaria, the conduct of field studies of new interventions in 

endemic areas will always be necessary. However, the significant logistic challenges 

and financial costs of efficacy studies of vaccines and drugs are even greater for P. 

vivax malaria than for P. falciparum due to the confounding effect of relapse caused 

by latent liver hypnozoite infection from a distinct infection event. The ability to 

undertake experimental study of P. vivax malaria in a dedicated clinical trial setting 

offers significant resources for clinical safety and facilitates the well controlled 

conduct of clinical research for development of drugs and vaccines for P. vivax. 
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GENOMIC ANALYSIS OF CHLOROQUINE RESISTANT AND SENSITIVE P. VIVAX FROM 

SENTANI, INDONESIA 

For the final vignette of chapter four, I report preliminary analysis of 

chloroquine resistant P. vivax samples obtained from patients in Sentani, Papua, 

Indonesia. In this section, I attempt to look at what methods of computational analysis 

will be useful in analyzing genomic data from field samples despite the inherent 

messiness of the data. Many of these methods will need to be expanded upon and 

revised for use in the future. 

 

Introduction 

Worldwide 2.85 billion people are at risk from Plasmodium vivax infection. 

While long considered “benign” malaria, reports of severe and even fatal P. vivax 

disease are emerging as the mortality and morbidity burden of this parasite are being 

reevaluated (Baird 2013). In addition it is being increasingly recognized that malaria 

elimination programs aimed at areas where P. vivax is the predominant malaria species 

will have to be distinctly different than those directed at P. falciparum. For these 

reasons interest in P. vivax research has increased in recent years. 

 

According to the World Health Organization (WHO), first line anti-malarial 

treatment for P. vivax is still chloroquine for removal of the blood-stage infection 

coupled with primaquine for sexual stages and the removal of dormant liver stages 

known as hypnozoites. The mechanism of action of both CQ and PQ is unknown 
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despite both drugs being in use for over 50 years. While chloroquine (CQ) is still the 

recommended treatment, recent reports have highlighted the emergence of CQ 

resistant parasites in many areas of the world. In some regions, most notably 

Indonesia, the risk of CQ treatment failure approaches 50% (Baird 2009). 

 

P. vivax parasites in Southeast and South Asia, the areas harboring the vast 

majority of P. vivax infections, still seem to be CQ sensitive on the whole, but if CQ 

resistant parasites establish themselves in these areas, the global burden of malaria will 

increase dramatically. This situation is not unlikely if one looks at the history of CQ 

resistance in P. falciparum. 

 

Because of the prevailing view that P. vivax malaria is a benign disease with 

adequate chemotherapeutic treatment, research of this parasite has been neglected. 

There is currently no in vitro culture technique, which has been available for P. 

falciparum for over 30 years, and this has greatly hampered efforts to understand the 

biology of P. vivax. In addition annotation of the P. vivax genome is in an even poorer 

state of affairs than that of P. falciparum with the majority of genes in the genome 

(59.2%) annotated as hypothetical. 

 

Because of the lack of an in vitro culture system, CQ-resistant P. vivax can 

only be identified through treatment failures: that is the return of P. vivax parasitemia 

after treatment with CQ. P. vivax biology though makes this classification difficult as 
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there are three ways that P. vivax can cause a recurrent infection. One way is 

reinfection where a patient is bitten by another infectious Anopheles mosquito. 

Reinfection would be common in an endemic area and would confound a study 

looking purely at the recurrence of P. vivax after CQ treatment. Another method in 

which a recurrent infection can arise is through recrudescence. Recrudescence occurs 

when parasites from an initial infection reemerge to cause clinical symptoms after 

having been reduced by drug pressure or the immune system. A recrudescent infection 

after CQ treatment, if able to be identified, would represent a true treatment failure 

and could indicate the presences of CQ resistant parasites. The third method by which 

a patient can become infected after an initial P. vivax malaria infection is through 

relapse. Relapse infections are unique to P. vivax as compared to P. falciparum and 

occur when dormant liver stages known as hypnozoites emerge from the liver after 

months to years of quiescence to cause symptomatic disease. Relapse infection would 

also confound any study looking purely at recurrent P. vivax malaria after CQ 

treatment. 

 

In order to overcome these specific difficulties, the WHO, established a 

protocol in 2000 to classify parasites as CQ resistance that looks for the presence of P. 

vivax parasites in the blood at the same time that the CQ levels in the blood exceed the 

minimal effective concentration. This allows investigators to classify parasites as 

resistant to CQ irrespective of how the current infection was obtained. Once parasites 
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are identified as being CQ resistant, the major issue becomes how to investigate the 

genetics of the parasite without any laboratory-based assays. 

 

Recent whole genome analysis techniques have allowed researchers to 

overcome this problem by allowing interrogation of the P. vivax genome from field 

samples directly isolated from patients. These new whole genome technologies allow 

researchers to overcome some of the difficulty in working with this organism and 

allow investigators to now query the entire set of P. vivax genes rather than just a 

handful of hypervariable genes. 

 

Recently a study was completed in Sentani in northeastern Papua, Indonesia, 

that identified a CQ resistant (CQR) population among an otherwise CQ sensitive 

(CQS) population (Asih et al., 2011). The study by Asih and colleagues screened 2236 

subjects for malaria infection through active case detection and identified 232 infected 

cases with 100 subjects carried P. vivax mono infection. CQ therapeutic response was 

evaluated in 73 subjects infected by solely by P. vivax. Eighteen subjects (25%) had 

persistent or recurrent parasitemia during the test and were provisionally classified as 

resistant. Among the remainder, 46 (63%) subjects had no persistent or recurrent 

parasitemia and were classified as having infections sensitive to CQ. Nine patients 

were lost to follow up or withdrew. Among the 18 provisionally resistant cases, one 

subject (6%) had persistent parasitemia at Day 3 and was considered as a direct 

treatment failure, 2 subjects (11%) had recurrent parasitemia by Day 7 and were 
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considered early treatment failures, and 7 (39%) and 8 (44%) had recurrent 

parasitemia by Days 14 and 28, respectively. Analysis of blood for CQ+N-

desethylchloroquine (DCQ) levels on day of recurrence from 15 of the 18 with 

treatment failures showed 11 subjects having CQ+DCQ blood levels >100 ng/ml and 2 

with CQ+DCQ blood levels < 100 ng/ml. 

 

We have subsequently analyzed the parasites from 10 of 11 the resistant 

infections and 38 of the sensitive infections using whole genome sequencing in an 

effort to identify genes underlying the differential CQ response of these two parasite 

populations. We present here various whole genome analyses and highlight genes of 

interest that should be investigated further for their role in CQ resistance. 

 

Results 

Whole genome sequencing of CQS and CQR parasite populations 

Parasites from the CQR and CQS populations were sequenced on an Illumina 

HiSeq 2000. Paired-end 109 bp reads were obtained for both populations. Sequence 

coverage was highly variable ranging from < 0.5X to > 100X, which highlights the 

inconsistency of the leukocyte filtration protocol that is standard in the malaria field. 

 

Sequencing samples were pooled into CQS and CQR populations so that no 

parasite infections would need to be excluded on the basis of polyclonal infections. 

From preliminary analyses, it was apparent that traditional genome wide association 
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studies would not be appropriate due to the small samples size (N = 10) of the CQR 

population. This small sample size was too vulnerable to false positives from 

population stratification. Because normal association tests could not be performed, we 

used population genetic analyses to ascertain what areas of the genome might be 

involved in resistance to chloroquine. 

 

Genotyping the CQS and CQR parasite populations at known variant sites 

Single nucleotide variants (SNVs) were identified in both parasite populations 

using two methods (See Methods and Materials). First, the CQR and CQS populations 

were genotyped at ~47,000 loci known to be variant from our analysis of P. vivax 

strains from around the world (Table 33, Dataset 1). The genotyped loci were spaced 

on average 476 bp apart and relatively evenly distributed across all 14 P. vivax 

chromosomes (Table 34). Second, the two parasite populations from the Sentani 

samples were subjected to an SNV discovery analysis looking for novel SNVs 

(Dataset 2). 

 

Using the genotyping dataset the Sentani parasites were compared to parasite 

strains from the around the world using publicly available sequencing data along with 

sequencing data generated in our lab. Using principal components analysis, we 

genetically clustered the parasites and as expected the two Sentani parasite populations 

were most closely related to one another. The Sentani parasites were also closely 

related to a parasite stain from the Solomon Islands that is currently being used for 
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controlled infection studies in Brisbane, Australia, as well as other parasites from 

Indonesia, Southeast, and East Asia (Figure 33). The CQR and CQS parasites were 

distantly related to parasites from South America and Africa (Figure 34). The principal 

components analysis concurred with the geographical information publicly available 

for the strains used in the comparison. 

 

Loss of “heterozygousity” between regions in the CQS and CQR parasite populations 

Next we used the genotyping datasets to look for a loss of “heterozygosity” in 

the resistant parasite population as compared to the sensitive population. Although P. 

vivax is haploid at the stage in which we are studying it, we use “heterozygosity” to 

refer to the state of fixation of a particular SNV in a specific population. Read counts 

for each of the analyzed SNVs were broken down into reference alleles and alternate 

alleles. Next, SNVs that were fixed within the population as whole and therefore 

uninformative were removed. Subsequently, heterozygous SNVs in the CQS 

population were identified and these loci were compared to the CQR population. 

Areas of the genome where the CQR population showed a loss of heterozygousity 

were thus identified. 

 

The loss of heterzygousity in the CQR population showed two gross patterns. 

One, there was a large degree of a loss of heterozygousity in the sub-telomeric 

regions. This indicates that the vast majority of parasites in the CQR population shared 

the same subtelomeric regions possibly indicating that some sort of selection pressure 



 

	  

199 

had exerted itself on this population (Figure 35). Second, the core regions of the 

genome showed relatively little loss of heterozygousity across any meaningful 

genomic distance (> 5 kb). Two genomic regions were highlighted for having a high 

degree of LOH (see Methods and Materials). One genomic region of interest was 

found on chromosome eight and encompassed three genes (PVX_094880, 

PVX_094885, PVX_094890) (Figure 36, Table 35). Figure 4 depicts the strongest 

LOH signal (600 kb – 610 kb) (Figure 36, shaded area) and also the surrounding 

region where both the CQS and CQR populations are heterozygous. All three of these 

genes are annotated as hypothetical conserved and this result highlights one of the 

predominant impediments to working with P. vivax genomic data. Even if the region 

of interest is expanded by 50,000 bp on either side the picture does not improve much 

as approximately 60% of the P. vivax genome is annotated at hypothetical, conserved. 

Additionally, further investigation of these proteins does not shed any light on their 

possible function as none of them contain any recognized protein family domains. 

Also, all three genes look to be under purifying selection on a worldwide basis. 

 

The second highest scoring region from the LOH analysis was located on 

chromosome 9 (1,340 kb – 1,420 kb) (Figure 37). This region contains 15 genes, 10 

(66%) of which are annotated as hypothetical conserved (Table 36). Those genes with 

putative functional annotations include 3-oxo-5-alpha-steroid 4-dehydrogenase 

domain containing protein (PVX_092410), casein kinase I, putative (PVX_092440), 
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DnaJ domain containing protein (PVX_092455), subtilisin-like protease 2, putative 

(PVX_092460), and 30S ribosomal protein S9, putative (PVX_092465). 

 

While the LOH analysis provides a list of genes from the areas of interest, 

much work will be needed to assess what, if any, potential effect these genes have on 

sensitivity to CQ. These efforts will be hampered by the lack of genome annotation in 

the P. vivax reference genome, and future follow-up work will most likely need to be 

completed using P. falciparum homologs or in a model organism. 

 

Genes with non-synonymous SNVs in the CQR population 

Using the SNV discovery data, we next looked for SNVs that differentiated the 

CQR population from the CQS population. For this analysis, we focused on SNVs that 

were reference alleles in the entire CQS population that had converted to alternate 

alleles in the CQR population. We identified six genes that harbored seven non-

synonymous SNVs in the CQR population compared to the CQS population. Four of 

these genes were hypothetical, conserved while the other two were a guanylyl cyclase 

and SET domain protein (Table 37).  

 

dn/ds ratio analysis identifies genes under differential selection 

The second method we used to identify SNVs in the CQS and CQR 

populations was a SNV discovery method (see Methods and Materials). We first used 

the results of the SNV discovery procedure to analyze the dn/ds ratio of the Sentani 
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samples as a whole. The dn/ds ratio is calculated by taking the ratio of the rate of non-

synonymous base pair changes (calculated as the number of non-synonymous changes 

divided by the number of possible non-synonymous changes) to the rate of 

synonymous base pair changes. A dn/ds ratio < 1.0 indicates that a gene has less non-

synonymous mutations that would be expected by chance and suggests a gene is under 

purifying selection, i.e. non-synonymous mutations that are most likely to alter the 

function of a gene are selected against. A dn/ds ratio of 1.0 indicates that a gene is 

under neutral or random selection. A dn/ds ratio of > 1.0 is suggestive of positive 

selection as a gene possess more non-synonymous base pair changes than would be 

expected to occur by chance. For the purposes of this study we considered genes with 

a dn/ds ratio of 2.0 or greater to be under definitive positive selection. 

 

Considering all of the parasites obtained from Sentani as a single population 

there were 318 genes with a dn/ds ratio of 2.0 or greater. Of these genes under positive 

selection, 214 (67%) were annotated as hypothetical (Dataset 3). The remainder of the 

genes under definitive positive selection consisted mainly of members of 

hypervariable genes families including vir genes, Pv-fam proteins, merozoite surface 

protein families, early transcribed membrane proteins (ETRAMP), and reticulocyte 

binding proteins. 

 

Next we used the SNV discovery results to investigate the dn/ds ratio of genes 

in the CQS population and genes in the CQR population (Figure 38). The CQS 
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population had 308 genes with a dn/ds ratio of 2.0 or greater indicating that these 

genes are definitively under positive selection. 293 genes had a dn/ds ratio of 2.0 or 

greater in the CQR population. The union of these two sets of genes contained 422 

genes and the intersection contained 179 genes. The CQS parasite population 

possessed 129 genes under positive selection that were not also under definitive 

positive selection in the CQR population and the CQR parasites possessed 114 genes 

under positive selection that were not also under positive selection in the CQS 

population. Approximately 65 – 68% of the proteins in all sets were annotated as 

hypothetical proteins.  

 

We also identified those P. vivax proteins under differential selection, i.e. 

under definitive positive selection (dn/ds >= 2.0) in one parasite population but under 

neutral or purifying selection (dn/ds <= 1.0) in the other parasite population (Figure 6, 

shaded areas). In the CQS population there were 73 genes under positive selection that 

were subjected to neutral or purifying selection in the CQR population (Table 38). Of 

these 73 genes, 48 (66%) are annotated at hypothetical proteins. From the CQR 

population, 54 genes were identified that were under positive selection in this parasite 

population but under neutral or purifying selection in the CQS population (Table 39). 

Of these 54 genes, 35 (65%) were annotated as hypothetical. 

 

Of the genes under differential selection pressure in the CQS population that 

were annotated, nine (12% of the total, 36% of the annotated genes) were annotated as 
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surface/antigen proteins. In contrast only four (7% of the total, 21% of the annotated 

genes) of the genes under differential selection in the CQR population were annotated 

as surface/antigen proteins. Also, in the CQR parasites no genes from the msp3a 

family are under differential selection as compared to three genes from this highly 

variable surface protein family are under positive selection in the CQS population. 

These differences suggest that the main driver of mutations in the CQS population is 

the human immune system and that many different genes are under selection at the 

same time. In contrast proteins exported to the surface of the red blood cell and 

exposed to the host human system are not under as intense selection in the CQR 

parasite population.  

 

We next looked at those genes that are under positive selection in the CQR 

parasite population but that are under neutral or diversifying selection in the 

worldwide samples as well as the CQS parasites and the Sentani population 

considered as a whole. These genes are of particular interest because the genomic data 

indicates that they are only under positive selection in the CQR parasites suggesting 

that they play a role in CQ resistance. We identified 16 genes that shared this dn/ds 

profile (highlighted in Table 39), nine (56%) of which were annotated as hypothetical. 

Included in the remaining seven annotated genes is P. vivax multidrug resistance 

associated protein (pvmrp, PVX_097025). This gene has been shown to be involved in 

resistance to anti-malarials in P. falciparum, and we previously identified this gene as 

having a high dn/ds ratio from a parasite obtained in Iquitos, Peru. Similar to the 
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pvmrp1 gene isolated from our Peruvian sample, this version of pvmrp1 contained 

most of its non-synonymous SNVs in the 3’ end of the gene that encodes for the 

transmembrane barrel domains (see below). 

 

SNVs identified in known and putative drug resistant genes 

We genotyped both parasite populations at known and putative drug resistant 

genes so as to ascertain the drug resistance profile of the Sentani parasites. We 

identified SNVs in pvdhfr (PVX_089950), pvdhps (PVX_123230), pvcrt 

(PVX_087980), pvmdr (PVX_080100), and pvmrp (PVX_097025) (Table 40).  

 

SNVs identified in pvcrt were only in the 5’-UTR and introns or sysnonymous 

mutations. This result is consistent with previous results for pvcrt from our lab and 

from resequencing experiments deposited on PlasmoDB and led us to exclude this 

gene from further analysis. Additionally six SNVs were identified in pvmdr but these 

appeared fixed in both the CQS population and the CQR population and therefore are 

unlikely to result in chloroquine resistance. 

 

Both parasite populations also possessed mutations in pvdhfr and pvdhps that 

suggest that these populations are resistant to anti-folates. In pvdhfr the CQS and CQR 

populations had fixed S to R mutations (although caused by two different base 

substitutions) at amino acid position 58. This S58R mutation is known to cause 

resistance to anti-folates, is homologous to a known resistance mutation in P. 
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falciparum, and is widespread in Indonesia and Papua New Guinea. Additionally both 

parasite populations had other mutations in pvdhfr that are known to increase drug 

resistance to anti-folate treatment including F57L, T61M, and S117T. 

 

Along with mutations in pvdhfr, both parasite populations contained SNVs in 

pvdhps that are indicative of anti-folate resistance and are known to be prevalent in 

Southeast Asia. These include A383G and A553G both of which have been reported 

numerous times in the literature from diverse areas around the world. Both parasite 

populations are therefore predicted to be highly resistant to anti-folate treatment due to 

mutations identified in pvdhfr and pvdhps, which is quite common for this region of 

the world due to previous treatment and intervention paradigms. 

 

Discussion 

Here we report whole genome analyses on two parasite populations, one 

sensitive to chloroquine and the other resistant, from Sentani, Papua, Indonesia. Using 

whole genome sequencing we were able to genotype both parasite populations as well 

as discover novel SNVs. These results were then used to identify regions and genes of 

interest in the CQR parasite population that had characteristics of positive selection 

and thus indicated potential to be involved in chloroquine resistance. 

 

While the data and results presented here demonstrate the types of analyses 

that can be performed on a medium scale parasite sequencing project, there are several 
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limitations that must be recognized as one seeks to interpret the presented results. 

First, the small set of samples from the resistant population could confound the 

findings. From this particular study, 11 samples were found to be definitively resistant 

to chloroquine, only 10 of which were available for sequencing. While the novel 

phenotyping method used to identify these parasites (see Asih et al., 2011) is a great 

step forward and will be useful in identifying chloroquine resistant parasites in the 

future, the sample size for this study is much smaller than ideal. The small sample size 

of the CQR population limits the power to detect the gene responsible and requires 

that the genetic effect be very strong. Additionally, the small sample size opens the 

door for false positives that are the result of random population stratification. 

 

Another limitation highlighted by the work presented here is the fact that 

population genetic methods are not specifically designed for this type of sequencing 

data. These methods were originally designed to look at a few divergent genes usually 

across species. Looking at the entire genome at once adds noise not only on the gene 

level but also on the base pair level as well. The small sample size discussed above 

also limits the use of the minor allele frequency techniques that are commonly used in 

other genomic fields in an attempt to cut through some of the noise present in large 

genomic datasets. 

 

Additionally, the poor state of annotation of the P. vivax genome is another 

limiting factor in this study. Because of the relative neglect of P. vivax in terms of 
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research, particularly with respect to work done on P. falciparum, approximately 60% 

of the P. vivax genes are annotated a hypothetical. The neglect of basic P. vivax 

research stems from technical reasons (there is no in vitro culture method with which 

to complete basic forward genetic experiments) as well as misconceptions in the 

medical community over the true mortality and morbidity burden of P. vviax. The 

plethora of hypothetical genes in the genome limits the usefulness of all of the 

analyses presented here as genes and regions of interest that are identified are more 

than likely hypothetical. 

 

This state of affairs causes two main problems. One, unless these genes can be 

subjected to some sort of protein family analysis looking for domains that might shed 

light on their putative function, these genes are usually overlooked by the community. 

Instead the focus shifts to those genes that have some sort of basic functional 

annotation. This natural reaction opens researchers up to selection and confirmation 

bias potentially skewing presented results. If other researchers in the field then 

propagate these results, aggregation effects build upon past errors leading to numerous 

downstream issues. 

 

The other major issue with the current state of annotation in the P. vivax 

genome, is that the genes most likely to be interesting and novel drug targets are most 

likely those that are not homologous to known genes. The fact that these hypothetical 
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genes mostly overlooked is therefore skewing results to the less interesting, although 

more tractable, side of the issue. 

 

The solutions to the limitations pointed out above are collecting and 

sequencing more samples and the development of some sort of high-throughput 

functional annotation assay. Collecting more samples in purely a function of time and 

resources, but dealing with the annotation issue will take a more sustained effort and 

possibly involve organisms other than P. vivax. 

 

Despite the several limitations noted, the data from the analyses presented here 

provide numerous ideas for future work. The most promising future direction is to 

follow-up on the alleles discovered in pvmrp1. The alleles could be placed into P. 

falciparum or P. knowlesi and chloroquine resistance could be assayed in vitro. 

Another potential avenue of research would be to use a model system such as yeast to 

quickly look at other genes. For this analysis homologs could be used if available but 

more than likely codon-optimized knock-ins will have to be created. This assay would 

be relatively easy to develop, as there is a defined phenotype of interest. In contrast a 

similar assay looking to provide putative functional annotations to hypothetical genes 

as suggested above would be much more difficult. 

 

The data presented here also demonstrate the viability of both the protocol to 

identify CQR P. vivax parasites and the method to sequence this population. These 
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protocols should be expanded to other locales whether there are currently reports of 

the CQR parasites or not. This will give the P. vivax research community a better idea 

of the current state of CQR around the world as well as lead to a better understanding 

of P. vivax population structure around the world. Both these protocols could be put 

into immediate effect if they were adopted by the International Centers for Excellence 

in Malaria Research (ICEMR) program currently being run by the National Institute 

for Allergy and Infectious Disease. 

 

A further future direction from this work must be the design and optimization 

of new computational methods to deal with whole genomic data from microorganisms 

that exist as a population of populations. These methods will need to encompass not 

only new population based methods but also new methods for analyzing raw 

sequencing data that takes into account the nature or natural malaria infections. 

Conclusion 

While the study and data presented possess limitations, we were able to 

analyze CQS and CQR P. vivax parasite populations from samples collected in and 

around Sentani, Papua, Indonesia using whole genome sequencing. This analysis 

highlighted genes and genomic regions of interest that could be involved in 

chloroquine resistance and provided numerous starting points that will benefit from 

follow on laboratory studies. 
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Methods and Materials 

Sample collection 

Samples were collected as outlined previously by Asih and colleagues. Parasite 

gDNA was obtained from patient samples using a DNeasy Blood and Tissue (Qiagen) 

kit as per the manufacturers instructions. 

 

Library preparation and whole genome sequencing 

Genomic DNA was carried through the standard Illumina library preparation 

process using Adaptive Focused Acoustics for shearing (Covaris), end-repair, A-

tailing and ligation (New England Biolabs). Genomic libraries were sequenced on an 

Illumina HiSeq 2000 and paired-end 109 base pair reads were obtained using Illumina 

v. 3 chemistry. Base calls were made using Illumina RTA (v. 1.12+) software. 

 

Sequencing data analysis 

Fastq files obtained from sequencing were aligned to the Sal1 reference using 

BWA (v. 0.5.9) with soft clipping of bases with quality score 2 and below (H. Li & 

Durbin, 2009). PCR duplicates were next identified and marked using Picard (v. 1.51) 

MarkDuplicates. Aligned reads were then realigned around indels and areas of high 

entropy using GATK (v. 1.3+) IndelRealigner, and the base quality scores of realigned 

reads were then recalibrated using GATK TableRecalibration (DePristo et al., 2011). 

After realignment and recalibration the samples were considered “clean” and ready for 

use in downstream analysis. 
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Genome wide coverage and loci covered to a certain percentage were 

calculated using GATK DepthOfCoverage (DePristo et al., 2011). For all GATK 

DepthOfCoverage analyses the minimum mapping quality (mmq) was set to 29 and 

the minimum base quality (mbq) was set to 20. 

 

SNV calling 

SNV discovery was conducted on the ten publicly available P. vivax genomes 

[North Korea I: SRP000316, Mauritania I: SRP000493, Brazil I: SRP007883, India 

VII: SRP007923, IQ07: SRP003406, SA94 – SA98: SRA047163]. SNVs were 

identified in each sample individually using GATK UnifiedGenotyper and stringent 

filters were applied to achieve the highest confidence SNV set possible with GATK 

VariantFiltration. The filters used included minimum of depth of coverage of 20, 

minimum ReadDepthAndAllelicFractionBySample of 1.0, Mapping Quality greater 

than or equal to 50.0, and a quality by depth of 5.0 or greater. 47,436 high confidence 

SNVs were identified during the SNV discovery process. The 47,436 high confidence 

SNVs were then genotyped in all samples using GATK UnifiedGenotyper. The 

resulting VCF file was used for the loss of heterozygousity analysis and the principal 

components analysis. The SNV discovery process outlined above was carried out on 

the CQS and CQR parasite populations themselves and the resulting VCF file was 

used for the dn/ds analysis, the identification of genes with non-synonymous SNVs, 
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and the identification of SNVs in known and putative drug resistant genes. SNV 

effects were annotated using snpEff. 

 

Loss of heterozygousity 

Loss of “heterozygousity” analysis was completed using MATLAB 

(7.13.0.564). SNVs from the genotyping set were used for this analysis. Alleles fixed 

in both populations were excluded as uninformative. Those loci with allele frequencies 

between 0.20 and 0.80 in the CQS population were identified as heterozygous loci in 

the sensitive parasite population. These loci were then plotted across the 14 

chromosomes and those loci that were fixed in the CQR population (defined as allele 

frequencies > 0.95 and < 0.05) were identified. A 50,000 bp moving average of the 

number of fixed loci in the CQR population was plotted and the moving average of the 

first derivative was subsequently calculated. Those areas of the core genome 

(excluding the sub-telomeric and hypervariable internal regions) where the moving 

average of the first derivative was greater than 1.5 were singled out for further 

analysis. 

 

dn/ds analysis 

dn/ds analysis using whole genome sequencing data was conducted using the 

method described by Tai and colleagues. 
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FIGURES 

 
Figure 23. Diagram of all the external and internally developed programs involved in processing 
Plasmodium samples as implemented by the Platypus pipeline.  
A. Schematic of entire workflow, with color-coding corresponding to the steps in B. Diagram of every 
program and action used in the Platypus pipeline, with file types traced passing between programs 
written in between. 
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Figure 24. SNVs identified in pfcarl by microarray analysis and whole genome sequencing analysis.  
A. Stereochemical structures of three compounds (GNF452 (B1, B2, B3), GNF707 (C1, C2, C3), and 
Pf-5069 (A1, A2) from the IP series used to generate resistant parasite clones. SNVs identified by 
sequencing analysis colored red and SNVs identified by both sequencing and microarray analysis are 
colored purple B. Schematic of pfcarl, showing the conserved regions, including the transmembrane 
domains. SNV color-coding is the same as in A. Two regions of the protein are enlarged to show close 
SNPs and the amino acid sequence conservation of the region across species (pfal, P. falciparum; pviv, 
P. vivax; pyoe, P. yoelii; pber, P. berghei; scer, Saccharomyces cerevisiae; dmel, Drosophila 
melanogaster; mmus, Mus musculus; hsap, Homo sapiens). C. Microarray SNV analysis across pfcarl 
from two GNF452-resistant clones (GNF452-1 in blue and GNF452-3 in red). The lines trace the p-
value predicting whether mapped probes are different in the resistant clone compared to the Dd2 
parental strain. 
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Figure 25. Protozoan parasites have a minimal ERAD pathway and show heightened susceptibility to 
inhibition.  
A. Bioinformatics analysis of the endoplasmic reticulum stress response in P. falciparum reveals a 
reduced number of ERAD genes in all functional modules. Components of UPR or ERAD not 
identified in P. falciparum are sectioned in the blue boxes, while protein in the red boxes have orthologs 
in P. falciparum. B. Orthologs of mammalian ERAD proteins were searched for in the genome 
databases of P. falciparum (Pf), T. gondii (Tg), L. infantum (Li), and T. cruzi (Tc). The final number of 
orthologs for each species was compared to the total number of genes within each functional unit in the 
mammalian ERAD network and are presented as a percentage. 
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Figure 26. P. falciparum and human HepG2 cells were treated with inhibitors of characterized ERAD 
proteins.  
This sensitivity of parasites is quantified by the “Selectivity Index,” which is the ratio of the IC50 for 
HepG2 cells divided by the IC50 for P. falciparum. 
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Figure 27. Identification of SPP inhibitor targets in parasites.  
A. Parasites grown in sub-lethal concentrations of LY-411575 and two NITD inhibitors developed 
resistance to the compounds, resulting in multi-fold increase in sensitivity over that of the parental line 
(Dd2 parental; note log scale). B. Sequencing of the pfspp gene from clones of each of the resistant 
lines revealed a G to A base mutation (in the reverse primer sequence) resulting in the non-synonymous 
amino acid change, L333F. C The location of the L333 amino acid maps to transmembrane domain 8, 
close to the highly conserved PAL motif. D. The L333F PfSPP mutant was generated for use in the 
yeast activity assay and showed a greater than two-fold resistance to NITD731. E. Introduction of the 
L333F transgene into Dd2 parental parasites confers slight resistance to inhibition of NITD731. The 
wild-type gene was also introduced as a control. (** Statistically significant with a p-value <0.01) 

 



 

	  

218 

 
Figure 28. Generation of atovaquone (ATQ)-resistant parasites.  
A. Selection schematic. An initial parasite clone (3D7) was split into three lines after 55 days, and 20 
nM or 50 nM ATQ pressure was applied to lines R4 and R5, respectively. The parental line was kept 
drug-free. After 24 days, the parental line was split again into four lines, and 2 nM ATQ pressure was 
applied to three lines (R1, R2, and R3) while line S1 was kept drug free. R2 was again split after 74 
days, and 20 nM ATQ was applied repeatedly to line R2b. After the indicated time in culture, all lines 
were cloned by limiting dilution. Four ATQ-resistant clones were kept in culture (Generation 1 (G1): 
R1a and b G1 and R2a and b G1) and recloned, resulting in a second generation of clones (Generation 2 
(G2): R1a and b G2 and R2a and b G2). The number of days (d) in culture between splits is indicated 
above each flask. B. ATQ structure and growth inhibition assay. EC50 values for 3D7 parent, the 
sensitive clones, and the ATQ-resistant clones are the means ± SD of three independent experiments 
performed in quadruplicate. Statistically significant differences between EC50 values of the parental 
3D7 line and the ATQ-resistant clones were calculated by a one-way ANOVA followed by a Dunnett 
posttest (*, p < 0.0001). 
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Figure 29. Location and evolutionary relationship of genetic changes following long-term culturing of 
P. falciparum parasites.  
Genetic changes in each individual clone were detected by microarray analysis as well as by WGS. A. 
Genetic differences were detected by WGS between our parental 3D7 clone and the available 3D7 
reference genome from PlasmoDB v9.1. The 14 chromosomes are indicated in grey, with their relative 
length on the y-axis. The mitochondrial (Mit) and apicoplast (Api) genomes are shown in the inset. B. 
Genetic changes identified by microarray and WGS in each individual clone compared to the parental 
3D7 clone. SNVs are indicated with circles, large-scale deletions (>1000 bp) with diamonds, and CNVs 
with arrowheads. For annotations of genes harboring SNVs or that are part of a structural variant, see 
Table S2. C. Cladogram showing derived evolutionary relationship in B, computed by a heuristic 
algorithm to find the tree of minimum complexity starting with the parental clone. 
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Figure 30. Genomic changes and drug sensitivities of atovaquone (ATQ)-selected clones.  
A. Amino acid change (nucleotide change) and codon position in cytochrome b of each clone. B. 
Location of the amplification event detected on chromosome 1 for R5a (423,658-643,292 bp). The 
location of the multidrug resistance associated protein 1 (Pfmrp1, PFA0590w) is shown. The log2 ratio 
of the intensity of each unique probe in R5a relative to that in S1c is plotted and colored by the moving 
average over a 500-base pair window. C. The EC50 values for four tested drugs are shown for the 3D7 
parent, the sensitive clones and the ATQ-resistant clones of the first generation (G1). Statistically 
significant differences between the EC50 values of the parental 3D7 line and the ATQ-resistant clones 
were calculated by a one-way ANOVA followed by a Dunnett posttest (*, p < 0.0001). EC50 values are 
means ± SD of three independent experiments performed in quadruplicate. 
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Figure 31. The course of P. vivax parasitemia (A; circles) and level of pvs25 transcripts (B; diamonds) 
in volunteer 1 (blue) and volunteer 2 (red).  
Solid lines represent pre-treatment and dashed lines post-treatment. The data points marked with X 
represent time points when blood smears were positive for malaria parasites. Arrows indicate onset of 
malaria symptoms. 
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A 

B 

Figure 32. Principal components analysis.  
The Solomon Islands sample sequenced in this study clusters with samples from South and Southeast 
Asia and is distinct from samples from South America and Africa. (A). Of the P. vivax stains 
with publicly available sequencing data, the sample is most closely related to strains from Cambodia 
(B). Principal components analysis was performed using MATLAB  
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Figure 33. Single Nucleotide Variants (SNV) identified in this P. vivax strain mapped against the SalI 
reference strain, showing all 14 chromosomes.  
Blue lines indicate SNVs that are homozygous alternates; red lines indicate SNVs called as 
“heterozygous” by the SNV calling algorithm. As shown, the experimental infection strain (A) reported 
here contains few “heterozygote” SNV, and those that are identified are concentrated in sub-telomeric 
regions and in gene families known to be highly variable. In contrast, the Cambodia 08 strain (B) (Chan 
et al., 2012), a known polyclonal infection, has “heterozygous” SNVs spread throughout the genome 
and not clustered in any particular region, indicating that the parasite DNA that was collected from this 
patient contains multiple parasite strains 

 

.  
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Figure 34. Principal components analysis of P. vivax infections known to be and putatively from East 
Asia.  
The CQS and CQR populations cluster with themselves and a strain from the Solomon Islands along 
with other samples from the Sanger Center P. vivax Sequencing Project that do not have publicly 
available geographical information but are believed to be from around Papua New Guinea. The genetic 
clustering via principal components concurs with the known geographical information. 
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Figure 35. Principal components of analysis of publicly available P. vivax infections from around the 
world.  
East Asian parasites (see Figure 1) are shown in blue and highlighted by the box. South American 
parasites (green) and African parasites (red) are distinctly different from one another and distantly 
related to the East Asian parasite population. 
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Figure 36. Loss of “heterozygousity” in the subtelomeric regions.  
Subtelomeric regions contained many loci that were fixed in the CQR population and mixed in the CQS 
population. The significance of these areas is confounded by the high degree of variability of genes in 
these regions and follow up studies will be needed to confirm what, if any, meaningful biological 
results can be gleaned from data in these areas of the P. vivax genome. 
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Figure 37. Loss of “heterozygousity” on chromosome 8 (550,000 bp – 650,000 bp).  
Region of interest as identified by LOH analysis. LOH signal is strongest from 600,000 – 610,000 bp 
(shaded area). This region contains three genes the middle of which is highlighted in yellow.  
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Figure 38. Loss of “heterozygousity” on chromosome 9 (1,340,000 bp – 1,420,000 bp).  
Full region of interest as identified by LOH analysis. LOH signal is strongest from 1,350,000 – 
1,370,000 bp (shaded area).  
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Figure 39. Comparison of gene dn/ds rates in the CQS and CQR parasite populations. 
The line drawn (y = x) indicates equal dn/ds ratios in both populations. Most genes exhibit similar dn/ds 
ratios in both populations and most genes have a dn/ds ratio < 1.0. This suggests that genes in both 
populations are predominantly subject to purifying (or neutral) selection. The shaded areas indicate 
those genes are under definitive positive selection (dn/ds >= 2.0) in one population and under purifying 
or neutral selection in the other. These differentially selected genes are of further interest and will 
require additional follow-up in laboratory based systems. 
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TABLES 

Table 27. Whole genome sequencing coverage 

Sample 
Total Bases Mean Coverage 

% Bases Covered 
by 5 or More 

Reads 
Dd2 parent 567,954,016 24.34 71 

NITD731r 981,288,359 42.06 90.8 
 

Table 28. Genetic variants between the Dd2 parent and resistant strain 
Ch
r Pos Ref Alt Dd2 parent NITD731r Gene ID Amino Acid 

change 
1 159129 T C C T PF3D7_0103500 intron 
11 1384736 A T A T PF3D7_1135400 I127K 
14 2336891 G A G A PF3D7_1457000 L333F 
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Table 29. Sequencing and microarray results summary. 

 Whole-Genome Sequencing (WGS) 
Statistics Microarray/WGS Results 

Sample 
ID 

Total days 
in culture 

Total bases 
[Mb] 

Fold 
genomic 
coverage 

% bases 
with 5 or 

more reads 
SNVs Structural 

variants 

3D7 
parent 55 1194.5 51.3 99.6 n/a n/a 

R1a G1 219 684.8 29.4 93.5 7 1 
R1a G2 347 1825.1 78.3 97.9 10 4 
R1b G1 219 1984.7 85.2 98.3 9 2 
R1b G2 347 1699.2 72.9 98.7 15 3 
R2a G1 245 1108.6 47.6 99.4 3 3 
R2a G2 363 1423 61.1 99.4 4 4 
R2b G1 245 n/a n/a n/a 3 5 
R2b G2 363 877.5 37.7 78.3 4 5 
R3a 323 931.1 40 76.3 6 6 
R3b 323 1116 47.9 75.7 7 4 
R4a 331 668 28.7 73.5 6 2 
R4b 331 1131.1 48.5 76.9 5 3 
R5a 330 1267.7 54.4 97.9 4 3 
R5b 330 1309.1 56.2 98.6 4 3 
S1a 217 25902.3 1111.7 99.9 3 3 
S1b 217 23250 997.9 99.9 1 3 
S1c 217 1246.4 53.5 97 1 2 
Dd2 45 567.5 24.4 71 n/a n/a 
609_1 236 104.5 4.5 33.8 7 0 
609_2 236 145.0 6.2 53.7 5 0 
609_3 236 122.7 5.3 42.8 3 (22)* 0 
609ctr 236 n/a n/a n/a 10 1 
678_1 195 237.7 10.2 71 3 1 
678_2 195 471.7 20.2 85.4 8 (19)* 1 
678_3 195 808.1 34.7 90.3 4 0 
678ctr 195 n/a n/a n/a 5 0 

n/a: not applicable, SNV: single nucleotide variant, Mb: Mega base, * SNVs in parenthesis were within 
15 kb from a chromosome end and could not be confirmed by WGS. ctr: control parasite lines without 
drug pressure, G1, G2: generation 1 and 2, R: resistant, S: sensitive. 
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Table 30. SNV genotyping set: SNV statistics 

 

Genotyping 
Set 

Solomon 
Islands 

Total SNVs 47,436  13,250  
# SNVs in coding regions 20,826  5,774  
# Synonymous SNVs 8,399  2,315  
# Non-synonymous SNVs 12,427  3,459  
# SNVs in introns 3,592  947  
#SNVs in putative promoters 11,556  3,203  
# SNVs in UTRs 2,829  756  
# SNVs intergenic regions 11,441  3,349  

   Base pairs per SNV 476  1,707  
% SNVs in coding regions 41.5% 41.2% 
% of genome consisting of coding regionsc 54.6% 54.6% 

   Homozygous SNVs 
 

11,665  
Heterozygous SNVs 

 
1,514  

% Heterozygous 
 

11.43% 
Fws 

 
0.92 

% Heterozygous SNVs in variable regions 
 

41.81% 
% Genome consisting of variable regions 

 
11.97% 

aIncludes 93 multi-allelic SNVs     
bIncludes multiple effects caused by a single SNV 

  cGenome size - 22,627,091 bp; Coding regions - 12,348,368 bp 
  

Table 31. SNV genotyping set: chromosome statistics 

  
Genotyping Set Solomon Islands 

Chromosome 
Length 
(bp) 

# of 
SNVs Base pairs per SNV 

# of 
SNVs Base pairs per SNV 

1 830,022  1,823  455 490 1,693 
2 755,035  1,748  431 512 1,474 
3 1,011,127  2,581  391 808 1,251 
4 876,652  2,216  395 672 1,304 
5 1,370,936  3,339  410 972 1,410 
6 1,033,388  2,273  454 664 1,556 
7 1,497,819  3,019  496 833 1,798 
8 1,678,596  3,309  507 933 1,799 
9 1,923,364  4,095  469 1,095 1,756 
10 1,419,739  3,326  426 958 1,481 
11 2,067,354  4,047  510 1,138 1,816 
12 3,004,884  5,825  515 1,500 2,003 
13 2,031,768  4,235  479 1,141 1,780 
14 3,120,417  5,689  548 1,531 2,038 
mito 5,990 5 1,198 3 1,996 
Total 22,627,091  47,530  476 13,250 1,707 
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Table 32. Genetic polymorphisms in putative drug resistance genes of P. vivax 
Gene Chromosome Polymorphism Amino Acid Reference PvA1 
pvcrt 1 T331151C Intron T C 
PVX_087980  T332453C Intron T C 

  A332874C Intron A C 

  A333509G Intron A G 

  T333513G Intron T G 

  A333518G Intron A G 

  T333544C Intron T C 

  C333689T D328 C T 

  A333837G Intron A G 

      pvmrp 2 C154391T V1478I C T 
PVX_097025      

      pvdhfr 5 C964760G F57L C G 
PVX_089950  C964763G S58R C G 

  C964771T T61M C T 

  G964939C S117T G C 

      pvmdr1 10 T363169A Y976F T A 
PVX_080100  G363223A T958M G A 

  T363374G M908L T G 

  C364004T G698S C T 

  T364509C T529 T C 

      pvdhps 14 NONE    
PVX_123230      
ND – not determined         
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Table 33. SNV genotyping set: SNV statistics 

 
 

Genotyping Set 
Total SNVs 47,436  
# SNVs in coding regions 20,826  
# Synonymous SNVs 8,399  
# Non-synonymous SNVs 12,427  
# SNVs in introns 3,592  
#SNVs in putative promoters 11,556  
# SNVs in UTRs 2,829  
# SNVs intergenic regions 11,441  

  Base pairs per SNV 476  
% SNVs in coding regions 41.5% 
% of genome consisting of coding regionsc 54.6% 

  Homozygous SNVs 
 Heterozygous SNVs 
 % Heterozygous 
 Fws 
 % Heterozygous SNVs in variable regions 
 % Genome consisting of variable regions 
 aIncludes 93 multi-allelic SNVs   

bIncludes multiple effects caused by a single SNV 
 cGenome size - 22,627,091 bp; Coding regions - 12,348,368 bp 
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Table 34. SNV genotyping set: chromosome statistics 

 
  

Genotyping Set 

Chromosome Length (bp) 
# of 

SNVs 
Base pairs per 

SNV 
1 830,022 1,823 455 
2 755,035 1,748 431 
3 1,011,127 2,581 391 
4 876,652 2,216 395 
5 1,370,936 3,339 410 
6 1,033,388 2,273 454 
7 1,497,819 3,019 496 
8 1,678,596 3,309 507 
9 1,923,364 4,095 469 
10 1,419,739 3,326 426 
11 2,067,354 4,047 510 
12 3,004,884 5,825 515 
13 2,031,768 4,235 479 
14 3,120,417 5,689 548 
mito 5,990 5 1,198 
Total 22,627,091 47,530 476 
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Table 35. Genes present in LOH region on Chromosome 8 

 Gene ID Genomic Location Gene Product Annotation 
PVX_094745 498,387 - 500,332 (+) hypothetical protein, conserved 

PVX_094750 500,498 - 503,841 (-) 
eukaryotic translation initiation factor 2 beta, 

putative 
PVX_094755 504,332 - 506,669 (+) hypothetical protein, conserved 
PVX_094760 506,913 - 507,797 (-) hypothetical protein, conserved 
PVX_094765 509,140 - 510,461 (+) hypothetical protein, conserved 
PVX_094770 511,406 - 512,571 (-) hypothetical protein, conserved 
PVX_094775 514,981 - 517,596 (-) hypothetical protein, conserved 
PVX_094780 518,461 - 520,214 (+) SNARE domain containing protein 
PVX_094785 520,980 - 522,776 (+) hypothetical protein, conserved 
PVX_094790 523,301 - 524,122 (-) 20S proteasome beta subunit, putative 
PVX_094795 526,802 - 527,329 (-) hypothetical protein, conserved 
PVX_094800 528,104 - 529,735 (-) hypothetical protein, conserved 
PVX_094805 531,690 - 533,297 (+) DNA repair protein RAD23, putative 
PVX_094810 537,550 - 542,614 (+) QF122 antigen, putative 
PVX_094815 544,191 - 546,214 (-) hypothetical protein, conserved 
PVX_094820 547,763 - 551,633 (+) hypothetical protein, conserved 
PVX_094825 553,277 - 554,536 (-) hypothetical protein, conserved 
PVX_094830 555,735 - 557,288 (+) hypothetical protein, conserved 
PVX_094835 557,574 - 559,456 (-) ubiquinol-cytochrome c reductase, putative 
PVX_094840 560,670 - 563,168 (-) hypoxanthine phosphoribosyltransferase, putative 
PVX_094845 564,733 - 566,665 (-) phosphoglucomutase, putative 
PVX_094850 568,345 - 570,737 (-) GMP synthetase, putative 
PVX_094855 573,474 - 578,294 (+) hypothetical protein, conserved 
PVX_094860 579,084 - 581,381 (+) hypothetical protein, conserved 
PVX_094865 582,604 - 584,303 (-) hypothetical protein, conserved 
PVX_094870 586,739 - 588,648 (+) hypothetical protein, conserved 
PVX_094875 589,071 - 593,038 (-) hypothetical protein, conserved 
PVX_094880 597,651 - 601,143 (+) hypothetical protein, conserved 
PVX_094885 602,618 - 605,109 (-) hypothetical protein, conserved 
PVX_094890 606,332 - 610,038 (-) hypothetical protein, conserved 
PVX_094895 615,420 - 620,851 (+) phospholipase C-like, putative 
PVX_094900 622,294 - 628,413 (+) hypothetical protein, conserved 
PVX_094902 629,183 - 629,848 (+) hypothetical protein, conserved 
PVX_094905 629,893 - 633,785 (+) hypothetical protein, conserved 
PVX_094910 634,765 - 637,959 (-) initiation factor 2 subunit family, putative 
PVX_094915 640,537 - 642,323 (-) GDP-L-fucose synthetase, putative 
PVX_094920 644,814 - 649,625 (+) hypothetical protein, conserved 
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Table 36. Genes present in LOH region on Chromosome 9 

 
Gene ID Genomic Location Gene Product Annotation 
PVX_092410 1,340,373 - 1,343,294 (-) 3-oxo-5-alpha-steroid 4-dehydrogenase domain 
PVX_092415 1,348,082 - 1,357,492 (+) hypothetical protein, conserved 
PVX_092420 1,358,217 - 1,360,426 (+) hypothetical protein, conserved 
PVX_092425 1,360,536 - 1,363,665 (-) hypothetical protein, conserved 
PVX_092430 1,366,205 - 1,370,257 (+) hypothetical protein, conserved 
PVX_092435 1,370,550 - 1,373,354 (-) hypothetical protein, conserved 
PVX_092440 1,376,598 - 1,382,252 (-) casein kinase I, putative 
PVX_092445 1,385,648 - 1,389,437 (+) hypothetical protein, conserved 
PVX_092450 1,390,507 - 1,393,299 (+) hypothetical protein, conserved 
PVX_092455 1,394,400 - 1,396,156 (-) DnaJ domain containing protein 
PVX_092460 1,400,590 - 1,405,782 (+) subtilisin-like protease 2, putative 
PVX_092465 1,407,882 - 1,409,304 (+) 30S ribosomal protein S9, putative 
PVX_092470 1,409,947 - 1,411,257 (-) hypothetical protein, conserved 
PVX_092475 1,411,985 - 1,417,920 (-) hypothetical protein 
PVX_092480 1,419,313 - 1,421,265 (-) hypothetical protein, conserved 
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Table 37. Non-synonymous SNVs differentiating the Sentani CQS and CQR parasite populations 

 Chromosom
e Position Ref Alt Gene ID Base Pair 

Amino 
Acid CQS 

CQ
R 

4 65406 G C PVX_002512 aCa/aGa T122R G C 
7 650930 A C PVX_099285 aAt/aCt N276T A C 
10 460292 G A PVX_080190 Ggg/Agg G59R G A 
10 460293 G A PVX_080190 gGg/gAg G59E G A 
10 554245 T A PVX_080295 gaA/gaT E186D T A 
11 431540 G T PVX_114990 Ccc/Acc P1968T G T 
11 799867 G A PVX_114585 Cac/Tac H5563Y G A 
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Table 38. Genes under positive selection in CQS and under neutral or purifying selection in CQR 

 
Gene ID Product Annotation 

CQS 
dn/ds 

CQR 
dn/ds 

PVX_080510 hypothetical protein, conserved 4.7 0.9 
PVX_117825 hypothetical protein, conserved 3.3 0.3 
PVX_095170 hypothetical protein, conserved 3.3 0.9 
PVX_113950 hypothetical protein, conserved 3.3 0.7 
PVX_097885 hypothetical protein, conserved 3.0 0.7 
PVX_111130 hypothetical protein, conserved 2.7 0.7 
PVX_097540 variable surface protein Vir24-related 2.7 0.0 
PVX_124000 hypothetical protein, conserved 2.7 0.7 
PVX_092975 erythrocyte binding protein 1 2.7 0.8 
PVX_111050 WD domain, G-beta repeat domain containing protein 2.7 1.0 
PVX_097705 merozoite surface protein 3 alpha (MSP3a), putative 2.7 1.0 
PVX_123250 hypothetical protein, conserved 2.7 0.7 
PVX_081575 hypothetical protein, conserved 2.7 0.3 
PVX_124725 hypothetical protein 2.7 0.7 
PVX_097550 hypothetical protein 2.7 0.0 
PVX_092780 hypothetical protein, conserved 2.3 1.0 
PVX_080445 hypothetical protein, conserved 2.3 0.8 
PVX_081690 hypothetical protein, conserved 2.3 1.0 
PVX_085620 hypothetical protein, conserved 2.2 0.9 
PVX_092105 transporter, putative 2.0 0.7 
PVX_099600 thioredoxin reductase 2, putative 2.0 1.0 
PVX_094905 hypothetical protein, conserved 2.0 0.3 
PVX_085335 hypothetical protein, conserved 2.0 0.0 
PVX_117100 1-deoxy-D-xylulose 5-phosphate reductoisomerase, putative 2.0 1.0 
PVX_093675 von Willebrand factor A-domain-related protein, putative 2.0 1.0 
PVX_000995 transmission-blocking target antigen Pfs230, putative 2.0 1.0 
PVX_113680 trancription factor, putative 2.0 0.7 
PVX_098645 TBC domain containing protein 2.0 1.0 
PVX_003795 serine-repeat antigen (SERA) 2.0 1.0 
PVX_089775 RAD protein (Pv-fam-e) 2.0 0.7 
PVX_089435 RAD protein (Pv-fam-e) 2.0 0.5 
PVX_003515 Phist protein (Pf-fam-b) 2.0 0.7 
PVX_097725 merozoite surface protein 3 (MSP3), putative 2.0 0.3 
PVX_097690 merozoite surface protein 3 (MSP3), putative 2.0 1.0 
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Table 39. Genes under positive selection in CQR and under neutral or purifying selection in CQS 

 
Gene ID 

Product Annotation CQS 
dn/ds 

CQR 
dn/ds 

PVX_005055 hypothetical protein 0.7 4.7 

PVX_080355 hypothetical protein 0.8 4.7 

PVX_086080 multidomain scavenger receptor, putative 1.0 4.0 

PVX_089465 RAD protein (Pv-fam-e) 0.7 3.3 

PVX_089940 hypothetical protein, conserved 1.0 3.3 

PVX_115180 hypothetical protein, conserved 0.6 3.3 

PVX_100710 vacuolar-type H+ pumping pyrophosphatase, putative 0.7 2.7 

PVX_092370 hypothetical protein, conserved 0.7 2.7 

PVX_000860 hypothetical protein, conserved 1.0 2.7 

PVX_097595 hypothetical protein, conserved 0.7 2.7 

PVX_091260 hypothetical protein, conserved 0.5 2.7 

PVX_114285 RNA-binding protein mei2 homologue, putative 0.0 2.7 

PVX_121900 PST-A protein 1.0 2.7 

PVX_092790 hypothetical protein, conserved 1.0 2.7 

PVX_002795 hypothetical protein, conserved 0.7 2.7 

PVX_087105 hypothetical protein, conserved 0.7 2.7 

PVX_083345 hypothetical protein, conserved 0.3 2.7 

PVX_118550 hypothetical protein 0.2 2.7 

PVX_084600 DnaJ domain containing protein 0.7 2.7 

PVX_097575 tryptophan-rich antigen (Pv-fam-a) 0.4 2.3 

PVX_084540 hypothetical protein, conserved 1.0 2.3 

PVX_122795 hypothetical protein, conserved 0.7 2.3 

PVX_117155 hypothetical protein 0.8 2.3 

PVX_005047 variable surface protein Vir22/23-related 1.0 2.0 

PVX_110915 hypothetical protein, conserved 1.0 2.0 

PVX_000795 hypothetical protein, conserved 0.7 2.0 

PVX_092795 hypothetical protein, conserved 0.7 2.0 

PVX_113445 cyclin dependent kinase binding protein, putative 0.3 2.0 

PVX_103150 variable surface protein Vir18, putative 0.8 2.0 

PVX_089560 ubiquitin-activating enzyme E1C, putative 0.7 2.0 

Shaded areas indicate genes under purifying or neutral selection in PlasmoDB. 
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Table 40. SNVs in known and putative drug resistance genes 

 
Chr Pos Ref Alt Gene ID 

Coding 
Sequence 

Amino 
Acid CQS CQR 

1 330262 T C PVX_087980 5 UTR 
 

1 1 
1 330670 T A PVX_087980 5 UTR 

 
0 1 

1 330676 C A PVX_087980 5 UTR 
 

1 1 
1 330840 G T PVX_087980 5 UTR 

 
1 1 

1 330841 C T PVX_087980 5 UTR 
 

1 1 
1 333689 C T PVX_087980 gaC/gaT D328 1 1 
1 334234 A T PVX_087980 INTRON 

 
0 1 

1 334273 C T PVX_087980 ggC/ggT G382 1 1 
1 334288 C T PVX_087980 tcC/tcT S387 1 1 
2 153853 T C PVX_097025 aAc/aGc N1657S 1 0 
2 153921 T A PVX_097025 aaA/aaT K1634N 0 1 
2 153942 A T PVX_097025 cgT/cgA R1627 1 0 
2 154391 C T PVX_097025 Gtc/Atc V1478I 1 1 
2 154646 A C PVX_097025 Tac/Gac Y1393D 1 1 
2 155127 T G PVX_097025 atA/atC I1232 1 0 
2 156107 G C PVX_097025 Cag/Gag Q906E 1 1 
2 157119 G A PVX_097025 aaC/aaT N568 1 1 
2 158047 G C PVX_097025 aCa/aGa T259R 1 1 
2 158452 A G PVX_097025 aTt/aCt I124T 0 1 
5 964758 T C PVX_089950 Ttc/Ctc F57L 1 1 
5 964761 A C PVX_089950 Agc/Cgc S58R 0 1 
5 964763 C G PVX_089950 agC/agG S58R 1 1 
5 964771 C T PVX_089950 aCg/aTg T61M 1 1 
5 964939 G A,C PVX_089950 aGc/aAc S117T,N 1 1 
10 362870 A G PVX_080100 Ttt/Ctt F1076L 1 1 
10 363169 T A PVX_080100 tAc/tTc Y976F 1 1 
10 363223 G A PVX_080100 aCg/aTg T958M 1 1 
10 363374 T G PVX_080100 Atg/Ctg M908L 1 1 
10 364004 C T PVX_080100 Ggc/Agc G698S 1 1 
10 364509 T C PVX_080100 acA/acG T529 1 1 
14 1256840 G A PVX_123230 INTRON 

 
0 1 

14 1257346 G C PVX_123230 gCc/gGc A553G 0 1 
14 1257856 G C PVX_123230 gCc/gGc A383G 1 1 
14 1258609 T C PVX_123230 gAg/gGg E132G 0 1 
14 1259091 T C PVX_123230 INTRON   1 1 
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CHAPTER 5 – CONCLUSION 

In this final chapter, I will attempt to place the research presented in the 

previous chapters in context with regards to infectious disease sequencing in general 

and lay out future directions for this work. The immediate next steps (three to six 

month time frame) are quite obvious, such as repeat the steps presented here for small 

indels, and relatively mundane. I will therefore accomplish this task by instead 

focusing on the ideal state of infectious disease sequencing in ten years time and, more 

importantly, describing the path of accomplishments required to achieve the ideal 

state. 

 

My goal for infectious disease sequencing is to be able to identify 

microorganisms causing disease in a person or population of persons and subsequently 

inform the proper interventions needed to combat the disease. It is my opinion that 

with technological advancements, on both the engineering and the computational 

analysis aspects of whole genome sequencing, this goal can be realized in ten years, if 

not sooner. 

 

In ten years time the ideal state of affairs for infectious disease sequencing will 

include the following aspects at a minimum. One, sequencing of infectious 

microorganisms will be conducted on a point-of-care device with limited manipulation 

of the patient sample by a medical professional. The device will require a minimal 

amount of input DNA and data will be available within 24 hours. Sequencing data 
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from this device will then be analyzed remotely on dedicated servers that also 

interface with a publicly maintained infectious disease database. Two, sequencing 

reads will be on average 5 kilobases in length with a minimum accuracy of 99%. This 

read length will allow for robust assembly of the genomes present in the population of 

microorganisms present in the patient sample. Genome assembly is preferred to 

mapping of reads to a reference genome in our idealized situation, since assembly will 

not only give a more accurate, and agnostic, picture of the pathogen population, but it 

will also allow discrimination of the populations that exist within each species of 

microorganism identified in the overall patient sample. 

 

Once genomes are assembled for the population, or populations of populations, 

the microorganisms will be compared to an infectious disease database. This database 

will ideally be more that just a collection of genes and genomes but will consist of 

clinical data, epidemic and outbreak data, and drug resistance data. Comparison to this 

database will allow for the instantaneous detection of new pathogens, whether they are 

totally new pathogens not yet discovered or just pathogens newly introduced to an 

area. Identified new pathogens can then be immediately targeted for research to obtain 

drug susceptibility and other clinically relevant data. All of this combined information 

can then be used to design treatment regimens for the specific patient or, if viewed 

from a public health perspective, to design, deploy, and assess intervention strategies. 
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Case Studies 

Two examples, one involving a patient with bacteremia and the other a 

regional malaria elimination program, will help explore how the proposed ideal laid 

out above will function in a practical manner. 

 

A patient suffering from non-specific symptoms, such as fevers, chills, and 

general myalgia, reports to an emergency room for treatment. Initial diagnosis is that 

the condition is most likely caused by an infectious microorganism and the patient is 

tested for bacteremia. Blood is drawn from the patient directly into a device that 

separates human nucleated cells from the patient sample and the remainder (including 

erythrocytes and any microorganism present in the blood) is prepared for sequencing 

and sequenced within the device (the nucleated cells can also be sequenced to obtain 

the patients genomic information if so desired but for this case this data would most 

likely not be needed – or perhaps the patient has already sequenced their personal 

genome and it is available to the medical professionals treating him/her). Sequencing 

data is relayed in real time to a centralized server either at the hospital or in the 

“cloud,” and genome assembly is completed for all pathogenic DNA sequences 

discovered. 

 

The assembled genomes are then compared to an infectious disease database. 

From the pathogen DNA obtained in this case, a pathogenic E. coli strain was able to 

be assembled that was most closely related to a strain responsible for an outbreak six 
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months ago in a region 3000 miles away. No other infectious microorganism was 

identified at a level that could cause the patient’s symptoms. Review of the patient’s 

history showed that the patient had recently returned from this region upon completion 

of a business trip. The outbreak strain has been shown to be resistant to most first-line 

antibiotics and the bacteria identified in this case appeared to have a similar genetic 

profile in those genes believed to be responsible for conferring resistance. The patient 

was therefore started on a targeted second-line antibiotic within 36 hours of arriving at 

the emergency room. 

 

While the strain identified in the patient was most closely related to the 

outbreak strain there were a small number genetic variants as well as three new genes 

only seen up to this point in Klebsiella spp. Due to the new genetic variants and, more 

importantly, the gene transfer between two species, the drug susceptibility of the new 

pathogenic strain was tested. Results indicated that the E. coli strain identified here did 

indeed have a different drug susceptibility profile to the outbreak strain but that 

susceptibility to the drug proscribed initially to the patient was unchanged. The new 

strain along with all clinically relevant data was added to the central infectious disease 

database and an information campaign was begun in the area to alert medical 

professionals to the presence of a new E. coli strain derived from the outbreak strain in 

the area.  
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The second example of how the idealized state of infectious disease 

sequencing ten years hence will help accomplish the overall goal of infectious 

sequencing deals with potential public health benefits. A country is developing a 

malaria elimination program for a particular region where malaria is endemic. 

Previously, the country had eliminated malaria from a coastal region where malaria 

was only seasonally epidemic. During planning for the campaign, health professionals 

were sent to the target region with the same point-of-care device used in the individual 

patient example above. Thousands of malaria sequences were obtained from both 

current and historical infections throughout the region and added to the countries 

malaria database as well as an international malaria database.  

 

Comparison of the malaria sequences to the databases revealed a number of 

unique aspects. One, the region targeted for malaria elimination contained two gross 

populations of parasites. The area of the region adjacent to the coastal region had 

parasites that were closely related to the coastal parasites before they were eliminated. 

These parasites were susceptible to front-line anti-malarials, and the data suggested 

that the related parasites in the target region would be as well. The second population 

of parasites in the target region were more closely related to parasites in the 

neighboring country which had recently experienced a large malaria outbreak due to 

the emergence of drug resistance parasites and sequence comparisons suggested that 

this second population in the target region would also be resistant to standard drugs. 
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Using this information, an elimination plan was created where the appropriate 

drugs would be deployed to the appropriate areas of the target region along with 

standard transmission blocking strategies that would be the heart of the program. In 

addition a number of health clinics at the interface between the drug-resistance and 

drug-susceptible areas were setup as sentinel sites and equipped with sequencing 

capability. These sites would collect and sequence malaria infections on a regular 

basis looking for movement of the malaria populations from one area of the target 

region to another. If the drug resistance population started to move into the area that 

had previously only had drug susceptible parasites this could be identified early and 

changes in drug availability and distribution would be made. 

 

In addition to the sentinel sites, medical professionals would be deployed 

throughout the target region to sequence malaria samples similar to the effort made 

during the design stage of the program although on a somewhat smaller scale. The 

objective of this effort would be to assess the success program and to ascertain if the 

overall parasite populations were changing. And, if they were changing, what if any 

changes to the overall program should be instituted. All of this sequencing information 

along with relevant clinical data would be included in the yearly assessment of the 

program as well as added to the malaria databases for the benefit of the field. 
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Current state of affairs in infectious disease sequencing 

The two examples provided above describe an idealized situation where 

infectious disease sequencing and analysis has been developed and standardized 

enough that it can be used for routine medical use in a timely manner. Analysis of the 

current situation shows how far the field is from the idealized picture envisioned 

above. As of now, sequencing analysis of microorganisms can be accomplished as 

demonstrated by the work presented in the previous chapters, but the major issue is 

completing it in a timeframe that is medically relevant. Currently, DNA can be 

prepped and sequenced in about 30 hours and some basic analysis completed in less 

than 48 hours. This analysis, as was all of the analysis presented here, is usually ad 

hoc and most of the time designed for a specific experiment. There is as of yet no 

standardization of technique for whole genome sequencing analysis although there are 

efforts to move in this direction. With regards to sequencing analysis of populations, 

while there are a number of standard population genetics analyses available, again 

there is no standard across the field with each group championing those techniques 

that make their data look best. 

 

Another area where current sequencing technology is sorely lacking as 

compared to the idealized situation discussed here is the length of reads. Currently, 

read lengths are either short and accurate or long with many errors. As of now 

Illumina is the industry leader in the sequencing space and their best method allows 

for 500 bp of good quality. Efforts are underway to increase the length of the reads but 
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projections do not get much above 1 kilobase any time in the near future. In contrast, 

companies pushing longer reads such as PacBio and Roche 454 have issues with 

throughput and data quality. The lack of long, high-quality reads is one of the main 

impediments to assembling genomes from patient samples. 

 

In the idealized situation, a small point-of-care device is used to collect and 

sequence a patient sample, and, while the size of sequencing machines continues to 

decrease, numerous engineering issues will have to be solved before a device like the 

one described here becomes a reality. 

 

Where to next? 

Although the field of infectious disease sequencing is currently far off from the 

ideal situation, there are many things that can be accomplished as of today and many 

promising future directions that can be explored. For instance it is now possible using 

the whole genome capture method presented in chapter two to set up a sentinel 

program like that described in the malaria elimination program example above. The 

basic setup would be to have health clinics in endemic areas collect blood spots of 

malaria infections throughout a transmission season. These blood spots would then be 

collected and the end of the season, brought to a well-setup lab, and sequenced using 

whole genome capture. Being able to sequence from the blood spots allows both the 

cold- and electricity-chains to be broken with regards to sample storage thus allowing 

this project to be completed in a cost effective manner. 
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Once sequenced, the samples could be analyzed in comparison to data from 

previous years or from surrounding regions or countries. At current sequencing costs 

and throughput, a medium amount of samples could be analyzed in this way, which 

would be enough to understand the gross population structure of the area and be able 

to identify if this structure had demonstratively changed in some way since the 

previous year. This proposed plan could go into effect immediately once appropriate 

funding was secured, as there is currently an international program that is collecting 

samples from numerous sites around the world. This program, the International 

Centers of Excellence for Malaria Research (ICEMR), was established by the NIAID 

and consists of a global network of independent malaria research centers. Samples 

collected by these centers could be used in the manner described to establish sentinel 

sites and at the very least establish a proof of concept for the overall idea. 

 

While some aspects of the idealized plan could be realized in a relatively short 

time frame others will require more dedicated effort. The path ahead will obviously be 

one that winds from breakthrough to breakthrough so it may be a fool’s errand to 

attempt to predict where it will go, but I maintain that there are general characteristics 

that describe the idealized setting and that a plan to at least explore moving closer to 

the ideal situation in each of these characteristics can be laid out. 
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The general characteristics that undergird the ideal situation are faster, cheaper 

sequencing that results in better quality data and new computational methods that can 

analyze the data quickly and, most importantly, present the data to medical 

professionals in an actionable manner. 

 

More, now! 

In terms of faster, cheaper sequencing, there are two areas of focus. One is the 

sequencing machines themselves. This aspect is best left up to the companies and 

engineers designing the machines and the actually biology of the use will have little 

bearing on the ultimate end point. I have no doubt that sequencing companies will 

continue to improve the existing technology leading to marginally greater read lengths 

and most likely much great throughput.  

 

The second aspect of faster, cheaper sequencing revolves around the library 

preparation of the DNA sample. Here the ultimate goal would be to reduce the entire 

preparation step to less than one hour with limited sample manipulation and ideally no 

use of PCR to amplify the sample. Current advancements using enzymatic shearing 

methods that also add sequencing adaptors as they fragment the DNA, such as the 

Nextera method from Illumina, have dramatically reduced the sample preparation time 

and more importantly allowed non-specialized labs to prepare there own samples. 

These methods have also greatly reduced the input sample requirement to 1 ng of 

DNA, another major issue in reducing the cost and time of sequencing. 
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While these new methods have been great advancements over prior 

technology, there are still improvements to be made. One, the enzymatic methods can 

be quite finicky and require specific amounts of DNA to be added to get proper 

shearing of the input DNA. Fine manipulation of the samples is therefore required 

before beginning sample preparation. It is possible to foist this manipulation upon a 

robotic system, although this path brings with it different issues. Also, enzymatic 

methods have not kept pace with the fragment distribution requirements of the new 

500+ base pair read lengths leading to inefficiency in sequencing. 

 

What is needed is a sample preparation method that can shear an agnostic 

quantity of DNA to a desired fragment length. Currently, sonication, such as that 

performed by a Covaris machine, would be preferable but enzymatic methods should 

be continued to be explored. Once, the DNA is fragmented a method to quickly add 

sequencing adaptors will be required and there are currently research groups working 

on this issue (including myself) so I have no doubt that this issue will be solved in the 

near future. 

 

Along with preparing the DNA for sequencing, there will need to be continued 

innovations in preparing the DNA desired for sequencing. Unless, sequencing costs 

plummet to the level where we can sequence the human genome on demand (and at 

this point everything would have changed as the DNA itself would become the storage 
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medium for genomic data removing the need for terabytes of physical hard disk drive 

storage) methods will still be needed to remove contaminating human DNA so that the 

underling microbial DNA can be sequenced in an efficient manner. The whole genome 

capture technique presented here works well for malaria, but the ultimate drawback of 

this method is that it is not agnostic to the microorganism of interest. In this case a 

researcher is looking for malaria. One could perhaps design capture probes to a 

number of known pathogens and use these baits in a whole genome capture protocol, 

but the fact remains that one would still find only known pathogens. This is the same 

limitation that qPCR methods and the new pathogen chip from PathGEN Dx suffer 

from. 

 

What is needed instead is a way to deplete the unwanted human DNA from the 

sample and sequence the remaining DNA to find out what is present. Initial 

exploration into this area focused on creating human DNA capture probes to remove 

the contaminating DNA. This avenue of pursuit floundered due to the extreme 

efficiency required to deplete the human DNA to a level that would make the sample 

efficiently sequenceable. Instead, the focus has shifted back to the original idea of 

leukocyte filtration, although in a much more efficient manner. 

 

Current leukocyte filtration protocols are abysmal. They vary widely in 

efficacy and are laborious to execute requiring both specialized equipment and 

personnel. My current proposal is therefore to use a micro-fluidics FACS device to 
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sort the human leukocytes by size from the remainder of the patient sample. The 

human nucleated cells could then be sequenced if so desired but for the purpose of this 

discussion the main idea would be to sequence the remaining patient sample for 

unknown pathogens. The micro-fluidics device would be the base upon which the 

point-of-care device described above would be built. I am submitting a grant in Q3 

2013 in an effort to build and test a prototype of this device. 

 

The longer, the better. 

The second general aspect of the idealized situation is better quality data from 

the now faster, cheaper sequencing. The most crucial part of this aspect is longer 

reads. This fact has been known but underappreciated lately as researchers have 

struggled to produce and analyze short-read data. Now with read lengths inching up it 

is being recognized that while these longer reads provide better data, reads in the 3-5 

kilobase range would be a revolutionary advancement.  

 

The acquisition of longer reads is being approached in two ways: one, through 

library preparation, and, two, through new sequencing methods. The new sequencing 

methods involve engineering new ways to pass DNA strands through nanoparticle 

sized holes and have looked promising early but have yet to be released for 

commercial use. New library preparations will have the greatest chance of producing 

long reads in the near future, and this fact is highlighted by Illumina’s recent 

acquisition of Moleculo. The Moleculo technique consists of separating 10 kilobase 
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DNA fragments from one another, tagging them, sequencing them using standard 

Illumina technology, and then stitching the short reads back into synthetic long reads. 

This general idea, tagging long fragments and then assembling them into long reads, is 

being pursued by a number of research groups and if able to be done efficiently on a 

large scale will greatly enhance the quality of data available to investigate 

microorganisms and most importantly will more easily allow the assembly of novel 

organisms. 

 

While the ultimate goal is to achieve long reads to complete genome 

assemblies, a step along this path that can be implemented fairly quickly is the use of 

regional reference genomes. This technique would require assembling the genome of a 

particular malaria parasite, for instance, from different regions of the world and then 

using that local reference to complete all future analysis of parasite from this region. 

This idea has been previously discussed for human data and preliminary work has 

shown that using local reference genomes improves data analysis. In order to 

implement this technique, a genome center or centers would commit to assembling a 

local reference for a number of known pathogens and submitting them to a database 

that researchers could pull from when needed. Although not ideal, local reference 

assemblies would be a step in the direction of the idealized situation. 
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We sequenced the entire freezer. Now what? 

The final characteristic of the idealized situation that requires improvement is 

data analysis where the development of computational tools and new information 

structures will be key. Currently, much of the computational work (and sequencing 

development in general) is focused on the human cancer market. This makes sense 

from a business standpoint as well as from a healthcare standpoint and is attempting 

fill an obvious void in healthcare, but the development of tools and techniques for 

infectious disease sequencing will have at least as much of an impact on the health of 

the human population. 

 

This characteristic will also be the most difficult and require the most effort. 

Increasing the complexity further is the fact that these new tools must be developed 

across a host of different disciplines. Faster, cheaper sequencing and better quality 

sequencing data are both inevitable but, for the idealized situation envisioned above to 

become a reality, development of new computational tools is the necessary and rate-

limiting step. 

 

The new sample preparation methods and sequencing machines destined to 

arrive also means that there will be a continuing avalanche of new data. Therefore not 

only are new methods needed to analyze the data, but new “Big Data” structures and 

algorithms will need to be adopted by the community to even handle all of the data in 

an efficient manner. This problem is evident even today as sequencing centers, such as 
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the Beijing Genome Institute, transfer large data sets to clients my mailing hard disk 

drives across the Pacific! New computational and information technology methods 

must be created or adapted to the field to deal with this and to allow actionable ideas 

to be distilled from the data. 

 

I will leave the larger informational technology issues to those in the field of 

computer science, but it is crucial that biologists reach out to these fields and at the 

very least stay cognizant of recent advances that could be adapted to the field of 

genomics. I will instead focus most of this discussion on data analysis. 

 

In order to deal with increase in sequencing data, new algorithms will have to 

be developed that allows the efficient mapping and eventually assembly of more and 

longer reads. The current dominant programs in this field as well as the sequencing 

companies themselves look to be on top of the read mapping issue, but the current 

state of genome assembly is far poorer. Genome assembly is presently where 

microarray analysis was in the middle of the last decade and where read mapping 

algorithms were at the end of said decade; that is, every lab has a graduate student 

designing a new algorithm that either reinvents the wheel completely or adds nothing 

to the current field. This state of flux inhibits actual development because there is no 

agreed upon standard with which to benchmark each program and indeed recent 

attempts to compare genome assembly programs have stated that this lack of an agreed 

upon metric for success essentially makes such attempts moot. Therefore, the key first 
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step in the realm of genome assembly is to setup such a metric so that the field can 

move forward. 

 

Once sequence reads have been mapped and/or assembled the data must be 

analyzed in a way as to make actionable insights into the pathogen causing disease. A 

new understanding that is highlighted in chapter three here, and has also been noted in 

the literature investigating bacterial outbreaks, is that infectious disease sequencing is 

attempting to understand not a pathogen population but rather a population of 

populations. Each infection consists of a continually evolving microorganism 

population within the patient, and while it is likely that the dominant member of this 

population is responsible for the disease pathology, the disease as manifested in the 

patient could also be a result of the interaction of the pathogenic population with the 

host and or microbiome of the host.  

 

Current population genetics techniques do not seem to work with this type of 

data. Traditional analysis techniques were designed to analyze the evolution of species 

and are overly complex with regards to understanding the genetic relationship of 

closely related organisms of the same species. Additionally, many of the standard 

population genetic techniques were designed well before scientists had the ability to 

generate the massive amount of sequence data now available.  
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New methods need to be developed that can quickly and accurately work with 

the data available today as well as the deluge of data that will come in the future. 

These new methods must be able to identify regions of the genome that are evolving 

within the overall pathogen population, but that also are able to predict how the variant 

regions of the genome will interact with each other in the sub-populations present in 

the host during infection. While many of the techniques that will be developed will 

pull from the traditional field of population genetics, efforts will need to be made to 

adapt these to the characteristics of the data they are being used to analyze. 

 

Communication, communication, communication. 

Once the data has been analyzed, it must be compared to a publicly available 

database so that it can be interpreted and actionable decisions can be made with regard 

to appropriate interventions. This is the critical step in both of the hypothetical 

examples given above and is the keystone achievement that will allow the ideal 

situation to become a reality. I have no doubt that sequencing data and quality will 

increase over the next ten years, but unless a database is developed that allows the 

insights of such data to be communicated infectious disease sequencing will not live 

up to its ultimate potential. 

 

The predominant goal of the database(s) being referred to in broad strokes here 

is one of communication. Again communication is also a relatively broad term, as I 

profess no innate knowledge as to the best system that will develop over the next 
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decade that allows stakeholders to understand sequencing data. This system will also 

undoubtedly exist in many different forms on the front end with designs especially for 

medical professionals, research scientists, and the general public. The key will be that 

the information relevant to each stakeholder can be gleaned from a standardized back 

end database and presented to those stakeholders in an interpretable manner. 

 

The database discussed here must be able to communicate, at a minimum, in 

three ways. One, it must enable communication between researchers from around the 

world. For instance, in the field of virology, the sequence of new strains identified by 

researchers in Asia must be readily available to researchers in Europe. Similarly, in 

malaria research, access to strains for one research group is usually confined to a 

region of the world with perhaps a smattering of strains from other regions. This state 

of affairs is usually dictated by trans-national political relationships, and while the 

finer points of international politics should be left to others, the great benefit of a 

database is that the data will be available to others around the world. This benefit will 

only be realized if the database can communicate effectively, including receiving 

submissions and responding to queries, across international borders. 

 

The second method of communication that is required of whatever form of 

database is created is between computational biologists and wetlab biologists. This 

discourse is important because it will be critical that discoveries made in silico be 

validated to some degree in a laboratory using model organisms if necessary. 
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Currently, the communication between these two groups is pathetic. Most 

computational groups end up publishing a list of genes with astronomical p-values of 

some sort or another and no other validation. These lists are nearly uninterpretable to 

wetlab biologists who are looking for a project to which to devote 6-12 months of 

time. Similarly at fault, wetlab biologists usually have excessive focus on one or a 

handful of genes of interest, which does not take advantage of the massive amounts of 

data available. 

 

There are a number of solutions to this problem although up to this point the 

solutions proposed by the field have let the computational side of the equation off the 

hook. The one thing that is absolutely required is the creation of more high-throughput 

functional assays that will allow quicker functional validation of genes of interest. In 

addition, a case can be made for better computational education in biological sciences 

graduate programs so that the data being produced today can be more easily 

understood. While both of these solutions are reasonable, the solution not often 

discussed is to have the computational groups create outputs that are more intuitive to 

the wetlab community. This could be done by placing results in greater biological 

context rather than outputting text files of p-values. In addition, web-like interfaces 

designed to be utilized by scientific professionals to query data in the database would 

be of immense importance. The benefits of providing an easily understood web-

interface can be seen from the example of PlasmoDB (as well as the other EuPathDB 

sites) that centralizes all of the malaria genomic and proteomic data. While PlasmoDB 
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is an invaluable resource, it currently functions as a data repository only. This function 

is important but does not do much to increase communication between computational 

biologists and wetlab biologists. Increasing and streamlining the ability to query the 

database is the needed next step in improving communication between these two 

groups and this burden falls squarely on the shoulders of the computational 

community. 

 

The third, and final, group with which any putative database must be able to 

effectively communicate is medical professionals and public health officials. Effective 

communication of discoveries and sequencing analysis data to this group will be the 

key to having this data be used in informing interventions. Communication between 

the scientific data and the medical field will be difficult because the groups generating 

the data (research scientists) and the groups putatively using the data (medical 

professionals) have been trained in two completely different paradigms. Additionally 

these two groups have never been taught how, or encouraged, to talk with one another 

making effective communication all the more difficult. 

 

A personal anecdote from my time in graduate school highlights the issue. 

During my graduate work, I had the opportunity to complete fieldwork at the field site 

of my Co-PI Dr. Joe Vinetz in Iquitos, Peru. In Iquitos I was responsible for 

completing the leukocyte filtration protocol on malaria-infected patient blood samples 

as they were collected from health clinics around the area. While in Iquitos, I was also 
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able to talk with local health workers to get a better understanding of the difficulties 

surrounding collecting patient samples in a manner amenable to whole genome 

sequencing of the malaria parasite.  

 

My experience in Iquitos demonstrated that the current leukocyte filtration 

protocol was not a long-term solution owing to the specialized resources and 

personnel needed to complete the process. These constraints limited collection of 

samples to a four-hour travel radius around our field laboratory in Iquitos, which 

severely limited the ability to fully understand the malaria population in, and around 

Iquitos, Peru. In addition, the process is very variable with results from anyone less 

than a highly trained technician ranging from a virtually unusable sample to a sample 

that has been enriched over 1000X. 

 

Upon returning to the United States, I therefore set out to find a way to collect 

malaria samples for sequencing in a more efficient manner. My work in this area 

eventually led to the adoption of the whole genome capture technique and the 

optimization of this technique for P. vivax. 

 

This brief anecdote demonstrates not only the need for greater communication 

between research scientists and medical professionals but also that it can be done 

successfully. Similar work, although on a much larger scale, will be required if the 
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sequencing data produced in the future is going to be able to be used by medical 

professionals to inform treatment. 

 

Money, stupid! (Ernest Andrew Bright III, Douglas S. Freeman) 

While it is obvious that increased communication will be beneficial for 

infectious disease sequencing in general, what is not so obvious is who will pay to 

promote it. Other improvements needed to get to the ideal situation laid out in the 

beginning of this chapter (faster, cheaper sequencing, new sequencing machines, etc.) 

will be paid for by the end users of these new technologies. But, who will pay to force 

the end users to collaborate for the greater good. 

 

Here I argue that it is also the responsibility of the end users of medical 

innovation to pay for and incentivize the increased collaboration that I describe above 

and that the end users in this case are the funding organizations that are paying for 

medical innovation. The onus therefore falls on public institutions as well as private 

groups to create systems for communication and incentivize this communication. 

Scientists are incentivized to make discoveries, write papers, and get grants. Medical 

professionals are incentivized to treat patient populations with the most up-to-date care 

practices. The funding agencies are invested in making discoveries for some purpose 

and must therefore facilitate research scientists and medical professionals to 

effectively communicate so lab discoveries are translated into patient care practices. 
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And, on some levels, different organizations are taking up this responsibility and 

developing new paradigms for incentivizing and facilitating communication. 

 

So far non-profit institutions are doing the groundbreaking work in this area, 

which is mainly a function of the poor funding situation of public institutions during 

the economic crisis of 2007 to the present. Two institutions heavily involved in 

revolutionizing communication between stakeholders are the Howard Hughes Medical 

Institute (HHMI) and the Bill and Melinda Gated Foundation. 

 

During my graduate work I had the opportunity to participate in the HHMI 

Med-into-Grad program that was designed to facilitate interaction between graduate 

students and medical professionals. The goal of the program is to fill in the 

communication gap between research scientists and medical professionals that exists 

due to the different paradigms under which they were trained. The hope is that by 

facilitating communication graduate students will be able to not only work more 

closely with medical professionals in the future but also that they can apply their 

graduate work to problems of current pressing medical need. 

 

In the Med-into-Grad program, I received one quarter of medical training, 

spent one quarter as part of the infectious disease team at the UC San Diego Medical 

Center in Hillcrest, and had the great fortune to receive a grant to complete field work 

in the Peruvian Amazon. In my opinion, the program was a great success and has 
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allowed me to understand the needs of medical professionals as well as how they 

approach and tackle problems. 

 

While an increase in the diversity of training is a necessary step towards 

increasing communication, it is not sufficient. What is needed is for increased 

communication to be actively fostered by funding agencies, and to this end the Bill 

and Melinda Gates Foundation (BMGF) has made great strides. The Winzeler lab has 

received a number of grants from the BMGF and receipt of each of these awards has 

always required participation in working groups that essentially force groups from 

around the world to communicate with each other. These meetings are also attended 

by BMGF project managers that synthesize new data with other new data being 

produced from the many different groups being funded by the BMGF. In this was 

ideas from around the world and many disciplines can be considered and the best path 

forward – the path that most promotes human health – can be pursued. 

 

Great strides have been made in increasing communication between 

stakeholders, but in order for the ideal situation laid out at the beginning of this 

chapter to come to fruition much more must be done. The efforts of private institutions 

such as HHMI and the BMGF are great starts and must be continued. Expansion of 

these ideas into individual NIH study sections, which usually fund similar research, 

would be a phenomenal advancement although one unlikely to occur in the current 

funding environment. 
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Additionally, increased communication between disparate groups working for 

the same goal would greatly be increased by the development of a specialized position 

whose job it was to facilitate cooperation between research groups and those groups 

and medical professionals. This position would resemble the project managers at the 

BMGF, but this position will not be created until funding agencies accept 

responsibility for developing better communication as described herein. 

 

Conclusion 

I began this chapter by stating a goal that is relatively simple in conception but 

will be hard to accomplish in practice. The ideal situation for infectious disease 

sequencing laid out at the beginning of the chapter is obviously many years off, but 

there are many steps along the way that will increase human health. And the path laid 

out, while tailored to the field of using whole genome sequencing to more effectively 

intervene to prevent infectious disease, could be used to increase the effectiveness of 

any research program attempting to design new drugs or therapies for any human 

disease. 

 

While I have spent much time talking about specific advancements needed to 

push infectious disease sequencing down the path I believe will be most effective, if 

only one thing is taken away from this chapter it must be that the silo-zation of 

medical research must end for new medical breakthroughs to occur in an efficient 
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manner. Communication between research groups from around the world and from 

different disciplines will be necessary to leverage the world of Big Data and make fast, 

efficient decisions. Communication between research professionals and medical 

professionals will be required so that conditions of great need are the focus of research 

programs and that effective treatments are not only designed but also deployed rapidly 

in an effective manner. 

 

Gone are the days when a linearized research program consisting of lone 

research groups focusing on specific issues will be sufficient for medical 

breakthroughs. The sooner that funding agencies realize that in order for their goals to 

be met they must foster and facilitate these wholesale changes to the way medical 

research is conducted the sooner the great benefit that is currently trapped within 

academic and industrial research programs will become available to the world.
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