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ABSTRACT

A Quadruplex Real-Time PCR Assay for Rapid Detection and Differentiation of the
B. pseudomallei Complex: B. mallei, B. pseudomallei, and B. thailandensis

Chinn-Woan Lowe
Department of Microbiology and Molecular Biology, BYU
Master of Science

Methods for the rapid detection and differentiation of the Burkholderia pseudomallei complex
comprising B. pseudomallei, B. mallei, and B. thailandensis, have been the topic of recent
research due to the high degree of phenotypic and genotypic similarities of these species. B.
pseudomallei and B. mallei are the causative agents of melioidosis and glanders, respectively. B.
pseudomallei and B. mallei are recognized by the CDC as tier 1 select agents. Although B.
thailandensis is generally avirulent in mammals, this species displays very similar phenotypic
characteristics to that of B. pseudomallei. Optimal identification of these species remains
problematic, due to the difficulty in developing a sensitive, selective, and accurate assay. To
date, no real-time, multiplex PCR assay has been developed that can detect and differentiate
between B. pseudomallei, B. mallei, and B. thailandensis in a single tube format. Here, we
describe the development of such an assay that detects and differentiates the species of the B.
pseudomallei complex.

A real-time quadruplex qPCR assay, Bcom, was designed to target unique genomic regions of B.
pseudomallei, B. mallei, B. thailandensis, and the B. pseudomallei complex that detects and
differentiates the three species. A total of 299 isolates within the B. pseudomallei complex was
evaluated in this study, as well as 15 near-neighbors and other bacterial species. The results
showed that this quadruplex assay was capable of detecting the respective species in a given
sample at a sensitivity between 288 fg and 277 pg of genomic DNA.

The B. pseudomallei- and B. pseudomallei complex-specific assays tested negative on two
presumed B. pseudomallei isolates. In addition, a third presumed B. pseudomallei isolate tested
negative by the B. pseudomallei-specific test, but was detected by the B. thailandensis and B.
pseudomallei complex-specific assays. After cultural and biochemical characterization, 16s
rRNA sequencing, and multiple loci sequencing, it is proposed that B. pseudomallei 34 is B.
thailandensis 82172 (Accession No. DQ388536), B. pseudomallei Darwin 175 is Elizabethkingia
meningoseptica, and B. pseudomallei 135 is a new strain of B. ubonensis 135.

Keywords: B. pseudomallei complex, B. mallei, B. pseudomallei, B. thailandensis, QPCR, PCR,
multiplex, quadruplex, detection, differentiation, TagMan



ACKNOWLEDGEMENTS

This thesis would not have been possible without the help, support and patience of my
principal supervisor/committee chair, Dr. Richard A. Robison, not to mention his advice and
unsurpassed knowledge of all things science! In addition, I am grateful for the invaluable advice
and support of Dr. Joel S. Griffitts and Dr. Brian D. Poole in further developing the concept of
my research; further I thank Dr. Joel S. Griffitts for providing his designed 16s rDNA primers
(Primers 1035, F1, and 1036/R1) used to amplify and sequence the 16s rDNA of some bacterial

DNA.

I thank my fellow lab colleague Benjamin A. Satterfield for introducing me to the
Robison lab and for his insight and experience in qPCR development. I thank Jordon K. March
for the several bets we made to meet manuscript completion milestones. I thank Annette J.
Bunnell for her help in extracting bacterial DNA and processing the Burkholderia isolates by
GC-FAME. I thank Daniel B. Nelson, Michael J. Heder, and David S. Drake for their aid in
progressing my research. I would also like to thank Derek Houston for his experience and advice

in phylogenetic analysis.

I want to thank my sister and brother-in-law Tina and Matthew Anthon with their help in
formatting and proofing aspects of my manuscript drafts. Lastly, I would like to thank my

husband Patrick Lowe, for his aid in proofing my manuscript drafts, and for his general support.



TABLE OF CONTENTS

TITLE PAGE ......oiiii ettt ettt s st s e ae e ae e i
ABSTRACT ...ttt ettt sttt bt et b e sttt b e e s et s ae et sh et e bt s bt et e bt eane et s beennenas il
ACKNOWLEDGMENTS ...ttt st il
TABLE OF CONTENTS ...ttt st s s v
LIST OF TABLES ...ttt ettt ettt sttt ettt et e sa et she et b e sbe et e bt emnenaesaeennes viii
LIST OF FIGURES ....cooiiiiiiiiiiiei ettt st st st X

CHAPTER I: The Evolution and Development of PCR-Based Methodologies Used to Detect and
Differentiate the B. pseudomallei Complex

INTRODUGCTION ...ttt ettt sttt e et e e e st et e st eneeasesseeme e sesseenseeseeneanseeneensenseeneensenes 1
B. pseudomallei and MElIOIAOSIS.........cc.eevviiiiiiieiie ettt ere e re e raeseaesaaessbeesreenns 1
B. mallei and GIANdETS ...........oocuiiiiieiiieiecieee ettt ettt sae e st e e teenteeseenseesaee s 2
B tRATLANACIISIS ...ttt sttt ettt et ne e nne e 3
USE @S BIOWEAPONS. .. .eeuiiieiiieiiiiieterte ettt ettt sttt ettt bt eae b sbee e 4
B. pseudomallei COMPIEX........ccoeiiiiiiiiiiieee ettt ettt ettt sie e st eteebeenaeesaee s 4
Standard Detection Methods for the B. pseudomallei CompleX .........ccccvveveveecrincrieveeriereennnns 6
ASSAY OTZANIZALION ....veieieiiiieieeieeetee ettt et et et e steesatesateete e beesseesneeenseenseenseebeesseesanesnseenseenne 6
Single-Species Differentiation ASSAYS ......c..ccverreereerieerireerieesieeseeseesseeseesseesseeseessesssessseesns 31

B. PSCUAOTALLCI ...ttt s s e e e sbe e be e baestaessseennas 31
TOSTRINA ..ottt ettt et ettt et ese et e st e s e s e ensensesseensensens 31
Type three SECretion SYSEIM.......cccvivcveerrierieeriereesteereereesreesseeseressessreeseesseesseens 32
Serine MetalloProteaASE .........evuviiiiiiieierie ettt s 35
AddItioNal tArGELS. ... .eevietieitieiieee ettt 36
B tALLET ...ttt et ae s 40
LOS TRINA ...ttt ettt et et et e st e e sbeesaeesaneeate e 41
Flagellar bioSynthesis Protein ..........ccvecverierierieeriieeiieesreesieeieesresnessreesseesseesseens 41
Burkholderia intracellular motility A ........ccccveiieiiiniierieee e 42
AddItional tArELS.......ccuvieiriieiieeiiee ettt et e e e e tae e e e eeaeeeereeens 43



B. BRATLIANACHISIS ...ttt e e e e e e e et e et e s s e sasasaa s sasasaasaasssaaeaanaaans 43

Multi-Species Differentiation ASSAYS........ccceievereieeriierierieereesiesreereesseesseesseesssessesseessesssaens 44
B. pseudomallei and B. MQALLEI................ccueeveeeeiciieciieiiesieerieeseeeee e se st 44
23S TRINA Lttt st et ettt e nb e s bt e bt et e et et 44

16-23s rRNA internal transcribed SPaCETS .........ccverierirrieeiieeieenieeree e eee e 45

TOS TRINA ...ttt e bt sttt et et et e s bt e saeesate e 47

16s TRNA and flagellar structural Protein..........cceevverveeieevieerieeneeneeneesneseneenns 48

Single nucleotide polymOTPhiSIM ......ccueevvieriiriiiiieiieieeeree e 50

AddItIoNAl tAIGELS......vievierieirieiiecie ettt e e re e e e e e tr e treeebeeebeesbeesbaeeeas 51

B. pseudomallei and B. thailQndEnsis ..............cccccoceevenerviinieneesiiieieneeeeseseeeesie e 54
Flagellar structural Protein.........cecererierereerienenteneeeeesteet et 54

Single nucleotide polymOTrPhiSM .......c.ccvvieviieriiiiieiieiieeeree e 55

B. pseudomallei, B. mallei, and B. thailandensis................ccccccevveeeveeeieceesieeiieseeseenen 56

LOS TRINA ...ttt ettt ettt et e b e b e s 56

RePetitive €leMENt ........cccvieiieiieiiecie ettt staesraeseveeareens 57

Flagellin structural Protein...........cceeeerieriieeiieenieesiesie ettt 57

Tat domain, 70-kDa, and 12-KDa proteins...........ccceeeverveecreecreerieeseesresnessveenneens 58

Indirect Differentiation ASSAYS.......c.eecuieriertieriertieeieeie et et e steestteste e bt ebeesbeesaeesreesaeeseeeseens 59
B. pseudomallei and B. MQAILEi................ccocccoeieiiiiiiiiiiiieee et 59
23S TRINA ettt sttt ettt ettt 59

B. pseudomallei, B. mallei, and B. thailandensis ................ccccccovvevveenoenciiseeiieseeseeen, 61
TYPE thIEe SECTELION......ccvieerieiieiieriiesee e ere et ete e resresbeesbeesbeesaessaesseessnessseans 61

Repetitive element and serine metalloprotease..........cceeeveevvvereereerveecreecreeneeenn. 63

Flagellar structural protein..........cceeceeeieeiieiieenienie et 63

1 V1 s 17 USRI 64

Additional tar@ELS. ... eevuiiiiieiietie e 65
MATERIALS AND METHODS ... .ottt ettt ettt st et e st et te st et e saeeneeseeneennas 67
Bacterial Isolates and Culture COnditions ...........ccecuerereerienieierincee sttt 67
DINA EXETACTION. ..ottt ettt ettt ettt sttt ettt e bt e sheeeatesabe e bt e bt e bt e saeeeateenteeneeas 67



Primer and Probe DESIN.........ccouiiiiiiiiiiiieiiecie ettt ettt etreeveeveeveestaesibesveesbeeabeereens 67

Sequencing the B. vandii fliC AMPIICON .......c.cccvvevierieeieiieeieeeeeere e 69
JPCR OPUIMIZALION ....veevvieiieeiieeiieeie et esieesteeseteseteeteeseesaesseesseesssesnseanseensaesseesssesssesssesnsesnsenns 72
Multiplexing the QPCR ASSAY ...c..iccviiiiieiieiieiiecte ettt ettt st s tr e ereeveeveesteeseeesaeesbeeveereens 73
Validation of the MUltipleX ASSAY .....cccccvierieriiiiiiieeieereereeeeesre e beeteesaeesseeseeesnseenseenseens 73
RESULTS .ottt ettt ettt et s et e ese e b e st e s e st e st eseesees e et e ese et e s ensenteneese et e eseasensensenseneeneans 75
Sensitivity and SPeCifiCity TSN ... .cccviiviiiiiirierieerie et ere et e e sreereereesreesreeseaeseneeens 75
Limit of Detection TeSTINE .......cccveeevieciieiierieiieeie ettt et e steestesteebeebeesseesseessaesnseenseenseens 76
Confirmation of the QUAadrupleX ASSAY........ccvieriiririeirieieerieeesee et ereesre e e e sraeseresene e 80
DISCUSSION ...ttt b et b e sttt e st s e e st eb e et e e bt st et et e st e st e bt eb e st e e b e te s enseneeneenes 81

CHAPTER II Characterization and Analysis of Burkholderia pseudomallei 34, B. pseudomallei 135, and
B. pseudomallei Darwin 175

INTRODUGCTION ...ttt ettt ettt ettt e et s et e st e st e es e e seeseemeeseeseenseaseeneeseeneenseeseeneanseas 86
MATERIALS AND METHODS ...ttt ettt et se et ee et aeseeeneeae s 87
Arabinose ASSIMIIATION .......cecviiiiiiieiie ettt ettt et e e et e e st e e etaeesbeeetaeesbeeenseeeeneas 87
Ashdown and Burkholderia pseudomallei Selective Medium ...........cccccvevveecveeneeceeneeneeenn. 87
165 TDNA AMPLTICALION ..ottt ettt st ettt e st e s e saeeeeae e 87
IMILST ettt ettt ettt et ettt et e st es e e b e s st ensesseeatense et e enseseeseense st enseseentensenreennenseas 88
16s rDNA and Multiple LOCI SEQUENCING ........cccvievieiieiieiieiesie e e e ereesreeseeeseeeseneesne e 89
ANAlySsis Of GENE SEQUEIICES ........eecuieiiieiiietieiiieeie et et et et e stee st e eteebe et esbeesaeesseeenteeseeseens 89
GC-FAME ANALYSIS ...ettetietieeiteeie ettt ettt ettt et ettt e bt e st esateeateeate e beesbeesseesneeenseeane 89
Melibiose and Cellobiose Fermentation TestS ..........ccecceverierenieienieieesieee e &9
UTEASE TST .ttt ettt ettt et e b e bt e s a e et e et e bt e s bt e ebtesateeabeeabeebeanseenaeas 90
MACCONKEY AAT ....eevviiiieiiieeeieeieete et eseesteesteesteesseesseessaesseesseessseasseasseessaesseesssesssenssenssenssenns 90
Arginine DeCarDOXYIASE .....cuviviieiiiiieiiesiecie ettt eesreesteeseaessbeesbe e seesaesenas 90
RE S LTS ettt ettt et e ettt et et e ee e e te et e es e e st eseensesseesse s e eatenseeseensenseeseenseaseensensesntansasseensansens 92
A1abinose ASSTMILAION ......coiuiiiiiiiiieieie ettt 92
AsShdown and BPSA ...ttt sttt 92
16S TDNA SEQUENCING......cccciiieieiieeiieeiieeiteeeeteesteeetteesebeeasteeessseesseeessseesseeessseesssessssseessseenns 93

Vi



GC-FAME ANALYSIS ...eetievieiieriieeieeieesieesieesteeseeesaessesbeeseeseesseesssessseenseesseessassseesssesssesssennns 96
Melibiose and Cellobiose Fermentation.............cccoeveevereniereniniieneeierieseeese e 99
UT@ASE TST .ttt ettt ettt et et b e b e s bt e s ae e et e et e e be e bt e sbeesatesateeane 100
MACCONKEY ABAT ....eouvieiiieiiesiieiie et ete et et et et e stessbessteesseesseessaesseessnessseanseanseenseenseesssessss 100
Arginine DecarboXYIaSe TSt .....c.ccvuiiviiiiiieiieiiesiecte ettt s resaaeebeebeesbeebaesenesenas 100
DISCUSSTION ...ttt ettt ettt ettt e et et e e st et e st es e e seeseem s e st estenseeseansesseentenseeseensenseeneensenns 102
APPENDIX ...ttt ettt sttt b et b ettt h bttt b et ettt enes 118
Published Portion 0f THESIS. ......cciiieriirieiereeeeseeee et 118
REFERENCES ...ttt ettt ettt b e st et e et s e st ebeste s b e b et eneeneeneas 119

Vii



LIST OF TABLES

Table L. Species and Additional Abbreviations used in Tables II, III, & IV ...ccccoveiiiiieviiiiiciee, 12
Table II.  Single-Species Differentiation ASSAYS ......cccvervrreierriierieereerieesreereeteesseesseesseesresseesseesseessaens 13
Table III.  Multi-Species Differentiation ASSAYS.........cceivveiiieviieiieerienieereereereesreesreesteesaesreeveesseesseens 19
Table IV. Indirect Differentiation ASSAYS..........ecvverreerreriuerireereerieesieeseesresseaseesseesseesseessesssesssessseessaens 26
Table V.  Primer and Probe Sequence Used in the QuadrupleXx ASSaY ........ccecverveereenierierieeieenieenenens 69
Table VI. Primer Sequences and Annealing Temperatures Used for Sequencing fliC, 16s rDNA, and
IMILST LOCT vttt ettt ettt et b e sa e bt te et ene e 71
Table VII. Summary of Results of Misclassified Burkholderia strains.............ccccceeeveevreevreenreesvennennnn. 104
Table VIII. Number and Origin of Isolates Used in this Study..........ccceevevienieniieniieniieieeeeeeeeceeee, 105
Table IX. List of Isolates Used in this StUAY ......c..cceevviiriiiieiiiiiiicieere et eve e sene e 106
Table X.  ASSAY RESUILS ..ouviiiiiiieiiciieciecee ettt ettt b e b e e b e e steestbestbeesbeesbeesbeesssensaenenas 110

viii



Figure 1

Figure 2
Figure 3
Figure 4
Figure 5
Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

LIST OF FIGURES

Sequence Alignment of the fliC Amplicon from the B. pseudomallei complex and B. vandii

ATCC 51545 and the Development of the fliC Assay Probe .........cccocvvevvievienieicieiiienieenen, 76
Detection Limits of the SINGIEPIeX ASSAYS ...ccvecvievvieviierieiieereereereesteesreeseesereeseeseesseesseens 78
Detection Limits of the QUadrupleX ASSAY .......ccceeceereeriieriieniieeieeireeieeseeseesreeeeenseesseesseens 79
Arabinose ASSTMIlAtION TEST .....c.ceieiiiiiiieieieee ettt 92
Bacterial Colony Morphologies on AShdOWn AGAr .........cccceveeerciieiiieiienienienee e eieesieeeeens 93
Bacterial Colony Morphologies on BPSA .......cccooiiiiiiie e 93

Phylogenetic Tree Based on the 16s rDNA Sequences of B. pseudomallei 34,
B. pseudomallei K96243, B. mallei 23344, and from sequences from RDP and Greengenes
QATADASES. ...ttt ettt ettt et bbb bt et b e e bbbt ettt eb et she et e b 94

Comparison of B. pseudomallei 135's 16s TDNA Sequence to the RDP Database................. 95

Phylogenetic Tree Generated from 16s TDNA Sequences of B. pseudomallei 135,
B. pseudomallei K96243, B. mallei 23344, and from Sequences with the Highest SIM Index
from the Greengenes Database...........cocueviiiiiiiiiiiiiiiietee e 95

Aligned 16s rDNA Sequences of Elizabethkingia Species and
B. pseudomallei Darwin 175 ......ccccoooviiiiiiiieiieieteste sttt et s ae v e esbeesbeese e saesenas 96

Graphical Representation of the Number of Burkholderia Species from PubMLST Database
that were Compared against B. pseudomallei 135's atpD, gyrB, lepA, and recA Sequence...97

Phylogenetic Tree Created from Concatenated Nucleotide Sequences of atpD, gyrB, lepA,

ATNA TECA LOCT ettt ettt e e e e e e e e et e e e eeesae e e e eeeeseesaesaaeeeeeesesseeaanaees 98
Results of Melibiose Fermentation Test Used to Characterize
B. pseudomallei Darwin 175 ......cccooviiiiiieiieieeeeeese ettt st st e v e ssve s e saesaesseas 99
Results of Cellobiose Fermentation Test Used to Characterize
B. pseudomallei Darwin 175 ......cooveviiiiieciieiieeeeesee ettt sta e s ae s e s e ssbaessa e saesaesseas 99
Results of a Urease Test used to Characterize B. pseudomallei Darwin 175 ...........ccccee..e. 100

Results of 48 hr Incubation of An Arginine Decarboxylase Test to Characterize
B. pSeudomallei 135 .......ooooviioeiieee ettt e te e e ta e e rae e rae e e 101



INTRODUCTION

B. pseudomallei and Melioidosis

Melioidosis, a disease caused by the saprophytic gram negative bacillus Burkholderia
pseudomallei, is endemic in sub-tropical areas such as southeast Asia and northern Australia.
The microbe was first described in 1912 by Alfred Whitmore and C.S Krishnaswami as causing
a "glanders-like" disease (Whitmore and Krishnaswami, 1912). B. pseudomallei was
appropriately given the name, "the great mimicker" due to its wide repertoire of clinical

manifestations.

The bacterium is commonly found in wet soils and stagnant waters, such as rice paddies,
throughout endemic regions. Incidences of disease show a near linear correlation with quantity of
rainfall (Currie and Jacups, 2003; Currie et al., 2004). The microbe was isolated in about 25% of
soil samples surrounding rice farms in endemic regions of Thailand (Smith et al., 1997). High
risk groups involve individuals who are in direct contact with wet soil. They include rice paddy
workers, indigenous groups located in southern and eastern Asia, sub-tropical travelers, and
individuals who are afflicted with immunosuppressive illnesses, including diabetes mellitus,
cirrhosis, thalassemia, renal disease, and alcoholism (Chaowagul et al., 1989; Suputtamongkol et
al., 1999; Currie et al., 2000). The disease is acquired through inhalation, contact with
cuts/wounds, and occasionally through ingestion of contaminated water. Rare cases of person-to-
person transmission have been documented (McCormick et al., 1975; Kunakorn et al., 1991;

FART Abbink et al., 2001; Holland et al., 2002).

In endemic areas, mortality rates are high for melioidosis. Melioidosis had a 39% mortality rate

in Singapore in 1996 (Cheng and Currie, 2005), a 19% mortality rate in Australia in 2000 (Currie



et al., 2000), a 50% mortality rate in northern Thailand in 2003 (White, 2003), and by 2006,
mortality rates were about 40% in northern Thailand (Limmathurotsakul et al., 2010). While
melioidosis is beginning to be recognized as an infectious threat (hence a lower mortality rate in
recent years), cases of melioidosis are still increasing in number in populated areas such as
southern China, Taiwan, Hong Kong, southern India, and Brazil (John et al., 1996; Yang, 2000;
Currie et al., 2008; Chen et al., 2010; Brilhante et al., 2012). Eighty percent of children in
northern Thailand have developed antibodies against this microbe by the age of four (Kanaphun
et al., 1993), however due to the intracellular nature of the infection, antibodies are ineffective.
Melioidosis in northern Australia, at the Royal Darwin Hospital, is the most common cause of
fatal community-acquired bacteremic pneumonia (Currie et al., 2000) whereas in northeast
Thailand, it accounts for 20% of community-acquired bacteremia (Suputtamongkol et al., 1994);
being the third most common cause of death by an infectious disease in northeast Thailand
(Limmathurotsakul et al., 2010). B. pseudomallei isolated from clinical samples accounted for
50% of community-acquired septicemias during the rainy seasons in northeastern Thailand
(Chaowagul et al., 1989). Untreated cases of septicemia have mortality rates as high as 80-90%
during the first 48 hours of hospital admittance (White et al., 1989; Sanford, 1995). Current cases
of melioidosis are probably significantly under-reported due to the lack of diagnostic laboratories

in these sub-tropical areas, and misdiagnosis of the disease's non-specific symptoms.

B. mallei and Glanders

Glanders, a disease caused by the gram negative bacillus B. mallei, is endemic in Africa, Asia,
the Middle East and Central and South America (Whitlock et al., 2007). Unlike B. pseudomallei,
B. mallei does not survive well outside of the host. The bacterium primarily infects equine

populations such as horses, donkeys, and mules. Although equines are the preferred host,



infections have been reported in other animals after consumption of glanderous horses (Khan et
al., 2012). Equine infection is largely due to ingestion of feed or water contaminated with nasal
discharges from infected animals (Whitlock et al., 2007). Human B. mallei infection is
uncommon, but certain groups are at risk due to exposure to the microbe via infected equines or
laboratory cultures. These risk groups include veterinarians, slaughterhouse workers, equine
butchers, equine handlers, and laboratory workers. For humans, infection is usually acquired by
contact with infectious material through breaks in the skin or mucous membranes such as the
eyes, nose, and mouth. Ingestion may not be a common mechanism for B. mallei human
infection. Consumption of 100 glanderous horses by soldiers (Loeffler, 1886) and even
consumption of raw glanderous meat did not produce symptoms of glanders (Gregory and Waag,
2007). However, two individuals did exhibit symptoms of glanders after consumption of milk
from a glanderous horse (Loeftler, 1886). The disease has a 95% case fatality rate for untreated
septicemia (Spickler, 2008) with death occurring in 7-10 days (Gregory and Waag, 2007), and a

50% case fatality rate in antibiotic-treated patients (Spickler, 2008).

B. thailandensis

B. thailandensis, a saprophytic gram negative bacillus, is readily found in moist soil and stagnant
water throughout Southeast Asia and Northern Australia. In 1988, B. thailandensis was proposed
as a new species from B. pseudomallei, because of differences in 16s rRNA sequencing,
biochemical profiles, and virulence traits (Brett et al., 1998). Although B. thailandensis is
considered avirulent for mammals, rare cases of disease have been documented (Dharakul et al.,
1999; Lertpatanasuwan et al., 1999; Glass et al., 2006). This BSL-2 bacterium shares several
virulence factor homologs with B. pseudomallei and B. mallei, making B. thailandensis the

current model organism to study Burkholderia pathogenesis. Although B. thailandensis is



generally avirulent in mammals, the microbe displays very similar characteristics to that of B.
pseudomallei in most routine diagnostic tests (Thibault et al., 2004) and also co-localizes with B.

pseudomallei in the environment.

Use as Bioweapons

B. pseudomallei and B. mallei require BSL-3 management due to their virulence and
classification by the CDC as tier 1 select agents. In fact, both pathogens have a history of
bioweapon use. In the 1970s, Mao Ze Dong donated a panda bear infected with B. pseudomallei
to a Paris zoo, and the subsequent infections decimated a large number of zoo animals (Dance
and White, 1996). Melioidosis cases have also been reported during the French Indochina War,
WWII, and the Vietnam War (Rubin et al., 1963; White, 2003). B. mallei was one of the first
bioweapons used in the 20th century (Gregory and Waag, 2007) in events such as the American
Civil War, World Wars I & I, and the Russian invasion of Afghanistan (Christopher et al., 1997,

Alibek and Handelman, 1999; Lehavi et al., 2002).

B. pseudomallei Complex

B. pseudomallei and B. mallei are known to be phylogenetically similar, and certain isolates of B.
pseudomallei and B. mallei have been shown to differ by a single nucleotide in their 16s rRNA
sequences. B. thailandensis also shares several characteristics with B. pseudomallei and B.

mallei. Due to these similarities, these organisms are known as the B. pseudomallei complex.

Several methods have been developed for detection of various combinations of these species,
which include serologic tests (Samosornsuk et al., 1999; Steinmetz et al., 1999; Anuntagool et
al., 2000; Chenthamarakshan et al., 2001; Cheng et al., 2006), commercial biochemical tests

(Inglis et al., 1998; Lowe et al., 2002; Glass and Popovic, 2005; Amornchai et al., 2007), GC-



FAME (Inglis et al., 2003), GLC-FAME (Inglis et al., 2005), microscopic methods (Walsh et al.,
1994; Wuthiekanun et al., 2005; Hagen et al., 2011), MALDI-TOF (Inglis et al., 2012), PCR
subtractive hybridization technique (Puthucheary et al., 2012), PCR-RFLP (Tanpiboonsak et al.,
2004) and gene sequencing (Woo et al., 2002; Gee et al., 2003; Frickmann et al., 2012).
Serologic tests may be unreliable in endemic areas due to seroconversion (White, 2003) for those
previously exposed to the organism. Therefore, these serologic tests have low sensitivity and
specificity in areas of endemicity (Wuthiekanun et al., 2004; Cheng et al., 2006), but may prove
useful in non-endemic areas. Biochemical assays have misidentified B. pseudomallei as
Pseudomonas spp, B. vietnamiensis, Stenotrophomonas maltophilia, and Chromobacterium
violaceum (Inglis et al., 1998; Lowe et al., 2002; Glass and Popovic, 2005). However, many of
these methods require culture growth, which may take up to seven days to confirm a diagnosis.
Consequently, improperly treated patients may die before receiving a proper diagnosis. Direct
testing methods on clinical samples would prove most useful, but due to the low numbers of

these organisms in many clinical samples, detection can be difficult.

The high mortality rates of glanders and melioidosis, their potential use as bioweapons, and their
low infectious dose necessitate the need for rapid and accurate detection methods. Assays for the
rapid detection and differentiation of the B. pseudomallei complex have been the topic of much
recent research. Optimal identification of these species remains problematic, due to difficulty in
developing a sensitive and selective assay. The development of PCR technologies has
revolutionized diagnostic testing and these detection methods have been popular due to their
speed and accuracy. Therefore, the purpose of this review is to provide a comprehensive

overview and evaluation of the advancements in PCR-based detection and differentiation



methodologies for the B. pseudomallei complex, and examine their potential uses in diagnostic

and environmental testing.

Standard Detection Methods for the B. pseudomallei Complex

Isolation and culture of B. pseudomallei from bodily fluids of patients remains the "gold
standard" in diagnosis of infection. Antibiotic susceptibility and resistance testing, heat resistant
alkaline phosphatase tests, oxidation-fermentation reactions of glucose, acid production from
maltose, gram stain, and colonial characteristics on differential agar (Ashdown, 1979a; Dance et

al., 1989; Hodgson et al., 2009) are tests used in the identification of B. pseudomallei.

Isolation of B. mallei from the specimen also remains the standard in diagnosis of infection. In
addition, the mallein test, and several serologic tests are commonly used to detect glanders in
animals, and have varying accuracies and a considerable amount of false positives (Cravitz and

Miller, 1950; Neubauer et al., 2005; Naureen et al., 2007; Sprague et al., 2009).

B. thailandensis shares several similar phenotypic characteristics with B. pseudomallei that often
make these two species difficult to identify in most routine diagnostic tests. However, B.
thailandensis is biochemically distinguishable from B. pseudomallei by its ability to assimilate

arabinose as a sole carbon source.

Assay Organization

PubMed and Google Scholar databases were searched through December 2012 using various
combinations of the following keywords: B. pseudomallei, B. mallei, B. thailandensis,

Burkholderia, Melioidosis, Glanders, PCR, Identification, Detection, Differentiation, and



Discrimination. Any of the publications, found from the two databases, that mention other B.

pseudomallei complex-based assays, were also discussed in this review.

There are many varieties of PCR (i.e., BOX-PCR, PCR-RFLP, MLST PCR, RT-PCR) that are
better suited for other applications rather than detection, or require further manipulation of the
DNA (i.e., restriction digest, southern blots, or sequencing). Therefore, the PCR methodologies
discussed in this review include conventional gel PCR (PCR) as well as quantitative real-time

PCR (qPCR)-based methodologies.

The majority of PCR-based studies have validated their sensitivity and specificity by comparison
to standard culture techniques. Consequently, the assay sensitivity and specificity values will be
determined by comparison to culture in this review. These tests are frequently evaluated on
purified DNA (extracted from pure cultures), crude bacterial lysates, or bacterial lysates (some
purification), with follow-up studies for the assays' abilities to be used on environmental and

clinical samples (direct samples or DNA from direct samples).

Various terms will be used throughout this review that should be defined. Sensitivity describes a
percentage based on the number of samples detected by PCR/qPCR relative to culture
positive/positive control samples. Therefore a higher sensitivity percentage indicates that several
positive control samples, were also tested positive by PCR/qPCR. Specificity describes a
percentage based on the number of samples undetected by PCR/qPCR relative to culture
negative/negative control samples. Therefore a higher specificity percentage indicates that
several negative control samples were also tested negative by PCR/qPCR. The inverse ratio is
provided to illustrate the number of isolates tested positive by PCR/qPCR, but was not used to

determine the specificity percentage throughout this thesis. In addition, accuracy will denote the



combination of sensitivity and specificity. Purified DNA, crude bacterial lysates, bacterial
lysates, and clinical and environmental samples are the sample types evaluated by B.
pseudomallei complex assays. In order to differentiate the sample types, sensitivity and
specificity refers to assay accuracy on purified DNA/crude bacterial lysates/bacterial lysates. The
addition of "clinical" or "environmental" before sensitivity and specificity values refers to assay
accuracy on clinical or environmental samples. The addition of "patient" sensitivity refers to a
positive diagnosis of disease from at least one of the melioidosis patients' samples by
PCR/qPCR. Some clinical evaluation studies provide accuracies of two different sample types,
e.g., clinical sensitivity and patient specificity. Therefore, diagnostic accuracy denotes various
combinations of clinical and patient sensitivity or specificity. Some studies evaluate their test(s)
for Burkholderia on inoculated soil samples or non-inoculated (collected) soil samples.
Therefore, two separate environmental accuracies will be reported for these studies. This sample
testing method is also observed in clinical studies and therefore, accuracies between inoculated
clinical samples and non-inoculated clinical samples will also be reported separately. For the
purposes of this review, soil and clinical samples refer to non-inoculated samples unless
otherwise specified as "inoculated". In addition, this review will refer to "environmental

samples" as any sample type collected from the natural environment.

Three main topics will be discussed in this review, namely, single-species differentiation, multi-
species differentiation, and indirect differentiation assays. Single-species differentiation involves
assays that claim to identify a single species from the B. pseudomallei complex. Multi-species
differentiation involves assays that claim to discriminate between more than one species from the
B. pseudomallei complex. Indirect assays usually involve at least one primer set that is species

specific and additional primers to detect a complex of species. When the primers are combined, a



unique amplification profile is created and thereby is able to indirectly identify species within the

complex.

Table I contains all of the abbreviations that will be used in tables II, III, and IV in alphabetical
order. Abbreviations have been listed in table I for each respective column in tables II, III, and
IV. Also, species abbreviations were not assigned to individual columns because of their use in
seven of the nine categories. Tables II, I1I, and IV correspond with single-species, multi-species,
and indirect differentiation assays, respectively. These tables describe all the testing methods in
further detail, which include the tests' authors, species detected, gene target/assay name, the PCR
method used, assay sensitivity, assay specificity, the sample information, the species evaluated
within the Burkholderiaceae tamily, and the detection limit. Detection limit tests are determined
by running the described assay on serial dilutions of a known concentration of a positive DNA
sample, and followed by observing the lowest DNA concentration that is detectable by the
described assay. Detection limits are often presented in mass units, cells per reaction, or genomic
equivalents (GE). On these tables, a black band corresponds to a new assay, and a gray band
corresponds to a different detection profile of the B. pseudomallei complex. The tests mentioned
in the tables are organized in chronological order from electronic publication date and grouped
together if the same gene target is used. Footnotes were included in tables II, III, and IV to

provide additional insight on particular methods.

A new study is discussed when an author is introduced in the author column of the tables. A
blank in the authors column corresponds to the author mentioned previously in the table. Several
of the tests have been evaluated/used by other studies. Therefore, an "E" in the species column
represents an evaluation study. In tables III and IV, when the "E" is associated in multiple-

species/indirect differentiation methods, the sensitivity column will explain which species of the



B. pseudomallei complex were evaluated. For example if a test detects the B. pseudomallei
complex, but the evaluation was interested in its ability to detect only B. pseudomallei, the
accuracy column will denote that only B. pseudomallei (Bp) was evaluated. The target/assay and
PCR method columns are left blank in evaluation studies since the information is the same as the

assay being evaluated.

In tables II-IV, a gene target/assay name or PCR method is introduced in their corresponding
columns when a different test is being discussed. To differentiate between a target or assay
name, the assay name is italicized. When target/assay, PCR method, or species tested columns
are blank, they correspond to the test mentioned previously in the table. Any other information

left blank in the tables is indicative of information that was not conveyed in the study.

The sensitivity and specificity columns of the tables provide the number of strains tested. If the
test is 100% sensitive, the number of strains tested will be listed. If the test displayed less than
100% sensitivity, the column will display the number of strains detected over the total number of
positive control strains. Specificity will indicate the number of PCR false positives relative to the
total number of negative control strains. In addition, additional accuracy values are included for
multiplex assays. The sample information column explains the kind of sample used in the
discussed study. For example, "patient (buffy coat DNA)" means patient accuracy was
determined from buffy coat samples, and "patient (clinical DNA)" indicates patient accuracy
was determined from DNA of various clinical samples. "Patient/clinical DNA" means patient

and sample numbers are the same.
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Some of these studies have also developed methods to detect other Burkholderia species outside
the B. pseudomallei complex. These tests were briefly mentioned in the review or as a footnote

in the tables.
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Table 1. Species and Additional Abbreviations used in Tables 11, III, & IV

Ba=Burkholderia andropogonis

Bk=Burkholderia kuruiensis

Bte=Burkholderia terricola

Bam=Burkholderia ambifaria

Bl=Burkholderia latens

Btl=Burkholderia thailandensis-like

Ban=Burkholderia anthina

Bm=Burkholderia mallei

Btu=Burkholderia tuberum

Bar=Burkholderia arboris

Bml=Burkholderia mallei-like

Bu=Burkholderia ubonensis

Bc=Burkholderia cepacia

Bmu=Burkholderia multivorans

Bv=Burkholderia vietnamiensis

Bca= Burkholderia caryophylli

Bo=Burkholderia oklahomensis

Bx=Burkholderia xenovorans

Bcal=Burkholderia caledonica

Bp=Burkholderia pseudomallei

Cm=Cupriavidus metallidurans

Bcar=Burkholderia caribensis

Bph=Burkholderia phymatum

Cn=Cupriavidus necator

Bce=Burkholderia cenocepacia

Bphe=Burkholderia phenazinium

Cp=Cupriavidus pauculus

Bcce=Burkholderia cepacia complex

Bphy=Burkholderia phytofirmans

Cs=Cupriavidus species

Bco=Burkholderia cocovenenans

Bpl=Burkholderia plantarii

Ct=Cupriavidus taiwanensis

Bcon=Burkholderia contaminans

Bpli=Burkholderia pseudomallei-
like

Pa=Pandoraea apista

Bd=Burkholderia diffusa

Bpy=Burkholderia pyrrocinia

Pn=Pandoraea norimbergensis

Bdo=Burkholderia dolosa

Bs=Burkholderia spinosa

Pp=Pandoraea pnomenusa

Bf=Burkholderia fungorum

Bsa=Burkholderia sacchari

Ps=Pandoraea sputorum

Bg=Burkholderia gladioli

Bse=Burkholderia seminalis

Rp=Ralstonia picketti

Bgl=Burkholderia glathei

Bso=Burkholderia sordidicola

Rs=Ralstonia solancearum

Bglu=Burkholderia glumae

Bsp=Burkholderia species

Rsp=Ralstonia species

Bgr=Burkholderia graminis

Bst=Burkholderia stabilis

Bh=Burkholderia hospita

Bt=Burkholderia thailandensis

Species Column

E=evaluation

,=denotes differential

[species]=denotes possible
species detection

/=denotes complex culture

Target/Assay Column
Chr=chromosome
/=denotes complex

PCR Type Column
M=multiplex
N=nested

O=outer primers
SN=semi-nested

Sample Information Column
CBL=crude bacterial lysates
BL=bacterial lysates
C=culture

Sample Information Column (cont.)

CFT=complement fixation test

DFE=DNA from enrichment (selective enrichment duration ranges from a few

hours to a few days)
FN=false negative(s)
FP=false positive(s)
PD=purified DNA from isolated
+=positive
- =negative
[%]=denotes possible accuracy

Detection Limit Column
GE=genomic equivalent

PD=purified DNA from isolated culture

Rxn=reaction

12




Table II. Single-Species Differentiation Assays

PCR Sensitivi Detection
Authors Species Target/Assay | Method ty Specificity Sample Information Species Evaluated | Limit
Bp, Ba, Bc, Bea,
Brook et al., 1997 Bp 16s rRNA Gel 100% (6) | 100% (13) PD & CBL Bg, Rp, Rs
Ashdown &
Galimand-
Dodin
Enrichment
was 10 & 10*
CFU/mL of
inoculated
75.0% 59.4% soil,
Bp (15/20) (13/32) Soil DNA respectively
SYBR 100%
Yap et al., 2002 Bp 16s rRNA Green (>80) 100% (0/23) | PD Bp, Bc 10 fg (1.5GE)
100%
Bp 16s rRNA TagMan (>80) 100% (0/23) | PD Bp, Bc 10* fg (15GE)
Winstanley and Hart,
2000 Bp orf2 (TTS1) Gel 100% (8) | 93.3% (1/15) | PD. FP was Bt Bp, Bt, Bc
Inoculated soil DNA.
Chen et al., 2002° E 100% (2) | 88.9% (1/9) FP was Bc Bp, Bt, Bc 10 cells/rxn
E 100% (5) | 0% (5/5) Soil DNA
Smith-Vaughan et al., 100%
2003 E (116) 100% (19) PD Bp, Bt, Bc, Bs, Bv
Clinical DNA. 2 FP
were melioidosis
patients undergoing
treatment while the
other FP was a
melioidosis patient
confirmed via other
65.4% bodily sites [100%
Gal et al., 2005 E (17/26) 95.5% (3/67) | specificity]
77.7%
E (7/9) 100% (0/18) | Patient
100% Bp, Bm, Bt, Bcec, 76 fg/rxn
Novak et al., 2006° Bp orf2 (TTS1) TagMan (224) 100% (0/139) | PD Bg, Bmu, Bo, Bst, | (5.2x10°




Bv, Cp, Pa, Pn, Pp, | GE/mL)
Ps, Rsp
~500
cells/mL for
100%
detection
Bp 100% (5) Inoculated blood DNA probability
73.2% 89.2%
Meumann et al., 2006 | E (82/112) | (31/287) Clinical DNA
Patient. Detected 6/6
septic shock patients.
4 FP patients did not
receive melioidosis
90.9% treatment and did not
E (30/33) 94.6% (4/74) | develop melioidosis
Bt, Bec, Bsp, Cs, PD: 15 fg
Kaestli et al., 2007 E 100% (0/15) | Inoculated soil DNA Ct (2GE)
Soil DNA. 6/7 FP Sand/clay: 1
were QPCR+ by a CFU Bp/g
wcebG test, but soil.
undetected FP was Garden/deco
qPCR+ by another mposing
sample collected at the organic: 1.5
100% same site [100% CFU Bp/g
E (13) 92.3% (7/91) | specificity] soil.
25.9% (99.9%
Chantratita et al., 2008 | E (30/116) | 1/730) Clinical DNA
33.8% PD: 20
E (26/77) 100% (0/306) | Patient GE/rxn
Bp, Bt, Be, Bd,
100% Bla, Bpy, Bse, Bv,
Trung et al., 2011° E (29) 100% (0/73) | PD Rs 3 GE/rxn
Soil DNA. 3 FP also
detected by Trung et
al., 2011's test. [100%
96.8% specificity] and also
E (30/31) 84.2% (3/19) | detects FN 75 Bp/g soil
100% Bp, Bm, Bt, Bc,
Kaestli et al., 2012 E (365) 100% (0/115) | PD Bmu, Bo, By, Bv, 5 GE/rxn
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Cs, Rsp

80%
(40/50
E Bp) 100% (0/22) | Clinical DNA
Bp, Bm, Bt, Btl,
99.9% Bc, Bee, Bo, Bphy,
(1953/19 PD. 1 FN due to Bsp, Bu, Bv, Cn,
Price et al., 2012 E 54) 100% (0/378) | reduced Bp genome Cs, Rs

14 fg (12
duplicates) &
Al-Marzooq et al., TagMan 140 fg (2/2
2011 Bp orf2 (TTS1) Duplex 100% (1) | 100% (0/25) | PD Bp, Bc duplicates)
Patient. 5 FP exhibited
melioidosis symptoms
Mustafa et al., 2011 E 100% (1) | 88.9% (5/45) | [100% specificity]

Suppiah et al., 2010 &

100% Bp, Bm, Bt, Bc, Bf,
Neubauer et al., 2007 Bp mprA Gel (20) 100% (0/61) | CBL Bv, Rs 10 fg (2GE)
Bp 100% (2) Clinical DNA (camel)
Bp 100% (1) Patient (camel)
Bp, Bm, Bt, Bc,
100% Bmu, Bo, By, Bv,
Kaestli et al., 2012 E TagMan (365) 100% (0/115) | PD Cs, Rsp 50 GE/rxn
54%
E (27/50) 100% (0/22) | Clinical DNA

J. Suppiah, personal 100%
communication Bp mprA Gel (66) 100% (0/20) | PD Bp, Bt, Bc 10 fg/mL
SYBR
Green
(Duplexed
Bp w/ Be test) | 100% 100% PD
Bp Gel 100% (2) | 100% (0/16) | Blood DNA
Serum DNA. Serum
results were not ¢
confirmed, but were
immunofluorescent
Bp 0% (0/2) | 100% (0/16) | antibody confirmed




Sermswan et al., 1994

& Rattanathongkom et pKKU-823 100% PD: 0.5 fg &
al., 1997° Bp LPS Gel (100) 100% (0/18) | PD & CBL Bp, Bc BL:1 cell/rxn
Inoculated
100% blood DNA: 1
Bp (3/3) 100% (0/5) Patient/blood DNA cell/mL
Patient/plasma DNA.
Some samples
31.0% collected after
Kunakorn et al., 2000 | E (9/29) 100% (0/17) | treatment. Bp
95.2% 91.7%
Sermswan et al., 2000 | E (20/21) (9/109) Patient (blood DNA)
100%
Sura et al., 1997 Bp ME]2 Gel (26) 100% (0/47) | PD Bp, Bm, Bc, Rp
BL. [96.8% (92/95)
100% sensitivity] if used for | Bp, Bt, Bc, Bmu,
Merritt et al., 2006 Bp phaC Gel (72) 13% (20/23) | genus detection Bv
Bp loci 8653 100% Bp, Bm, Bt, Bc, 50 fg (6 GE)
Supaprom et al., 2007 | Bp & 9438 TagMan (17) 100% (0/33) | PD (both tests) Bca, Bg, Rp, Rs for both tests
100%
Bp (74) 100% (0/63) | BL (both tests)
Patient (clinical
DNA). 2/3 FP
correlated with
71.4% Thibault et al., 2004's
Bp 8653 (20/28) 82.4% (3/17) | test [94.1% sensitivity]
Patient (clinical
DNA). 2/2 FP
correlated with
53.6% Thibault et al., 2004's
Bp 9438 (15/28) 88.2% (2/17) | test [100% sensitivity]
100%
Hodgson et al., 2009 E 8653 (30) 100% (0/13) | PD Bp, Bt, Bc
Bp, Bm, Bt, Bc,
100% Bmu, Bo, By, Bv,
Kaestli et al., 2012 E 8653 (365) 100% (0/115) | PD Cs, Rsp 10 GE/rxn
68.0%
E (34/50) 100% (0/22) | Clinical DNA




TagMan Bp, Bt, Be, Bd,
Supaprom et al., 2007 & 8653 100% Bla, Bpy, Bse, Bv,
& Trung et al., 2011 Bp Bp loci test 29) 100% (0/73) | PD Rs 1 GE/rxn
Soil DNA. 3/4 FP
correlated with Novak
100% et al., 2006's test 20 GE/g of
Bp 31) 78.9% (4/19) | [94.7% specificity] soil
YLF & BTFC- | M SYBR | 100%
Tuanyok et al., 2007 Bp orfl8 Green (571) PD Bp

99.7% Bp, Bm, Bt, Bc,
M (364/365 Bmu, Bo, Bu, By,
Kaestli et al., 2012 Bp YLF & BTFC | TagMan ) 100% (0/115) | PD Cs, Rsp 5 GE/rxn
80% Clinical DNA. FP is
Bp (40/50) 95.5% (1/22) | possible contamination
SYBR Bp, Bm, B¢, Bv,
Andresen et al., 2009 Bp BPSL1664 Green 100% (5) | 100% (0/18) | PD Rp 10 fg (1-2GE)
Badran et al., 2010 E 100% (5) PD Bp 10 fg (1-2GE)
M
Varma-Basil et al., Molecular
2004 Bm/[Bp] | 16s IRNA Beacons 100% (1) | 100% (0/10) | PD Bm Bm: >50 cells

100% Bp, Bm, Bt, Bc, Bf,
Scholz et al., 2006 Bm fliP-IS407 A Gel (20) 100% (0/57) | CBL Bv, Rs 10 fg (2 GE)
Patient (horse clinical
DNA) 3/3 CFT+
Bm 100% (1) | 0% (2/2) [100% specificity]
Khaki et al., 2012 E 100% (2) | 100% (0/3) PD Bm

Bp, Bm, Bt, Bc,

Ba, Bam, Ban, Bca,

Bcal, Bcar, Bf, Bg,

Bgl, Bglu, Bgr, Bh,

Bk, Bmu, Bph,
Bphe, Bpl, Bpy,
Bsa, Bso, Bst, Bte,

100% Btu, Bu, Bv, Pn,
Tomaso et al., 2006 Bm fliP TagMan (19) 100% (0/152) | CBL Rp 60 fg
Bm 100% (2) Patient (horse clinical
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DNA)

Schmoock et al., 2009

Used to confirm Bm
strains

PD & 2 FN are

avirulent Bm. BL of 1 PD: 10 ng &
93.5% Bm strain tested with Bp, Bm, Bt, Bc, BL: 10°
Ulrich et al., 2006b Bm bimA Gel (29/31) 100% (0/56) 100% sensitivity Bce, Bmu, Bst, Bv | CFU/mL
Detected both
100% 66.1% avirulent Bm strains.
Bm ISBma4 31) (19/56) FP are Bp & Bt strains
Detected both
67.7% 33.9% avirulent Bm strains.
Bm BMAA0610 (21/31) (37/56) FP are Bp & Bt strains
Detected both
80.6% 42.9% avirulent Bm strains.
Bm BMAAO0611 (25/31) (32/56) FP are Bp & Bt strains
Detected both
93.5 44.6% avirulent Bm strains.
Bm BMAO0860 (29/31) (31/56) FP are Bp & Bt strains
Kaestli et al., 2012 E bimA Btl MSMB43 detected
Bp, Bm, Bt, Bc, 1 pg/rxn (424
Ulrich et al., 2006a Bm bimA TagMan 100% (8) | 100% (0/82) | PD (both tests) Bmu, Bsp, Bst, Bv | GE)
Patient (clinical DNA Human blood
of inoculated mice for (for one test):
Bm 100% (3) | 100% (0/4)" both tests) 500 CFU/mL
Khaki et al., 2012 Bm Gel 100% (2) | 100% (0/3) PD Bm
araA-araB
Intergenic 100%
Moore et al., 2004 Bt Region Gel (12) 100% (0/12) | PD Bp, Bt
SYBR 100%
Tuanyok et al., 2007 Bt cheB Green (77) 100% (0/8) PD Bp, Bm, Bt, Bc




Table III. Multi-Species Differentiation Assays

PCR Detection
Authors Species Target/Assay | Method | Sensitivity | Specificity Sample Information | Species Evaluated | Limit
Lew and 23s rRNA 100% (41 PD detected. BL Bp, Bm, Bc, Bca,
Desmarchelier, 1994% Bp/Bm PPMA-PPMC | Gel Bp/3 Bm) 0% (11/11) undetected Bg, Rp, Rs
Bp/Bm PPMA-PPM?2 BL undetected
PPMB2-
Bp/Bm PPM2 BL detected
Blood:
PPMB2- 100% (1 Direct blood sample 1.3x10*
Bp/Bm PPM2 Bp) (inoculated) cells/mL
100% (2 Direct sputum samples
Bp/Bm Bp) (inoculated)
100% (1
Bp/Bm Bp) Inoculated blood DNA
100% (2 Inoculated sputum
Bp/Bm Bp) DNA
PPMB2- PD & CBL. Be strains | Bp, Ba, Bc, Bca,
Brook et al., 1997 E PPM2 84.6% (2/13) | detected Bg, Rp, Rs
BL: 1 Bp/rxn.
Sputum: 10-
30 Bp/rxn.
20% (2/10 Blood: 100-
Haase et al., 1998 E PPMA-PPM?2 Bp) Buffy Coat DNA 300 Bp/rxn
Tkachenko et al., 2003 1s-4as: 10
& V. Antonov, 23s rRNA cells/mL &
personal Is-4as & 3s- 100% (49 Bp, Bm, Bml, Bt, 3s-4as: 10
communication Bp/Bm 4as Gel Bp/12 Bm) | 100% (0/55) | PD (both tests) Bc cells/mL
Clinical DNA
100% (8 (inoculated hamsters
Bp/Bm Bp) 100% (0/11) | for both tests)
100% (15 PD (both tests). 2 FP Bp, Bm, Bml, Bt, Bm BL: 10°
Antonov et al., 2004 E Bp/14 Bm) | 95.0% (2/40) | were Bc Bc cells/mL
Kunakorn and 16s-23s rRNA 100% (35
Markham, 1995 Bp/Bm ITS O Gel Bp) 100% (0/13) | PD Bp, Bc
100% (71 Bp, Bt, Bc, Bmu,
Inglis et al., 2005" E SN Gel | Bp) 100% (0/24) | BL Bv
Merritt et al., 2006 | E SN Gel | 98.6% 100% (0/23) | BL Bp, Bt, Be, Bmu,




(71/72 Bp) Bv
100% (1
Couto et al., 2009 E O Gel Bp) PD Bp
100% (1 Bronchoalveolar
E Bp) 100% (0/2) lavage DNA
Nandagopal et al., 100% (2
2012 E O Gel Bp) 100% (0/16) | PD Bp <1 CFU/mL
Buffy coat DNA.
Patient of FP sample
was successfully
99.7% treated [100%
E (1/301) accuracy]
Brilhante et al., 2012 E O Gel 100% (11) PD Bp
. 100% (30
Dharakul et al., 1996’ Bp/Bm 16s IRNA N Gel Bp) 100% (0/17) | CBL Bp, Bc 15 fg (2 GE)
Septicemic
72.7% patient/buffy coat
Bp/Bm (8/11 Bp) 100% (0/10) | DNA
0% (0/11 Septicemic
Bp/Bm Bp) 100% (0/10) | patient/plasma DNA
Localized melioidosis
66.7% (2/3 patient/sputum & liver
Bp) pus DNA
100% (10
Haase et al., 1998 E Bp) Buffy coat DNA
E 100% (0/11) | PD Bc
Clinical DNA.
96.1% Organism loss of 2 FN
E (49/51 Bp) [100% sensitivity]
Patient. 2/10 FP
patients serologically+
[100% sensitivity and
E 80% (10/50) | 84.0% specificity]
Patient/plasma DNA.
Some samples
41.4% collected after
Kunakorn et al., 2000 E (12/29 Bp) | 52.9% (8/17) | treatment
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Bp, Bm, Bt, Ba, Bp PD: 52
Bam, Ban, Bc, Beca, | GE & 7.5 GE
Bcal, Bear, Bf, Bg, | for 16s rRNA
Bgl, Bglu, Bgr, Bh, | & fliC tests,
Bk, Bmu, Bph, respectively
Bphe, Bpl, Bpy, w/ a95%
16s IRNA & 100% (64 Bsa, Bst, Bte, Btu, | detection
Tomaso et al., 2004 Bp/Bm fliC TagMan | Bp/9 Bm) 100% (0/179) | PD & CBL (both tests) | Bu, Pn, Rp probability
Bp GE: 3000
& 300 for 16s
Inoculated blood DNA rRNA & fliC
consistently detected tests,
E (both tests) respectively
Bp, Bm, Bt, Ba,
Bam, Ban, Bc, Bca,
Bcal, Bcear, Bf, Bg,
Bgl, Bglu, Bgr, Bh,
Bk, Bmu, Bph, PD: 40 GE &
Bphe, Bpl, Bpy, Blood DNA:
100% (39 Bsa, Bso, Bst, Bte, | 300 GE/rxn
Tomaso et al., 2005 | E Bp/9 Bm) 100% (0/175) | PD & CBL (both tests) | Btu, Bu, Pn, Rp (both tests)
100% (2 Patient (horse clinical
Tomaso et al., 2006 E fliC Bm) DNA)
50.9% Clinical DNA. 7 FP
Chantratita et al., (59/116 99.0% were non-viable Bp
2007 E 165 IRNA Bp) (7/730) [100% specificity] 20 copies/rxn
61% (47/77
E Bp) 100% (0/306) | Patient
100% (302
Bp) 100% (0/53)
M 100% (37 Bp, Bm, Bt, Be, 10% fg (~27
U'Ren et al., 2005 Bp, Bm P27 SNP TagMan | Bm) 100% (0/318) | PD & BL Bg, Rsp GE)
2 FP. Bo as Bp and Btl
Bowers et al., 2010 E as Bm

100% (469
Bp) 100% (0/439)
M 100% (49
Bowers et al., 2010 Bp, Bm SNP TagMan | Bm) 100% (0/859) | PD Bp, Bm, Bt, B¢, Bo | 10 GE
Price et al., 2012 E 100% 100% (378) PD Bp, Bm, Bt, Btl,




(1954 Bp)

Bc, Bee, Bo, Bphy,
Bsp, Bu, Bv, Cn,
Cs, Rs

Wongtrakoongate et 100% (5
al., 2007 Bp/[Bm] | BPSL1958 Gel Bp) 100% (5) PD Bp, Bt
88.9% Bp, Bt, Bc, Bmu,
Merritt et al., 2006™ Bp/Bm IpxO Gel (64/72 Bp) | 100% (23) BL Bv
100% (72 Bp, Bt, Bc, Bmu,
Bp/Bm TagMan | Bp) 100% (23) BL Bv
Only
TagMan
primers
w/ Lab
On A 100% (3
Inglis et al., 2008 E Chip Bp) 100% (0/7) PD Bp 10 GE
Soil suspensions. 3/5
samples qPCR+ w/
E unknown C results
97.7% (365 Bp, Bm, Bt, Bc,
Bp & 14/23 Bmu, Bo, Bu, Bv,
Kaestli et al., 2012 E TagMan | Bm) 100% (92) PD Cs, Rsp 10 GE/rxn
76% (38/50
E Bp) 100% (22) Clinical DNA
Bp, Bm, Bt, Ba,
Zhang et al., 2012 Bp TTS1 TagqMan | 100% (13) | 100% (0/33) | PD Bc, Bpy, Bg 10 fg
Bm TFP 100% (11) | 100% (0/35) | PD 10 fg
Bp TTS1 100% (8) 100% (0/2) Patient (clinical DNA)
Bm TFP 100% (2) 100% (0/8) Patient (clinical DNA)
100% (28
Chromosomal Bp
Rachwal et al., 2012 Bp target TagMan | replicates) 100% (0/4) PD Bp, Bm 10” fg
89.3%
(25/28 Bm
Bm replicates) 100% (0/4) PD 10” fg
100% (28
Bp/28 Bm
Bp/Bm replicates) | 100% (0/3) PD 10* fg
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100% (37

Bp) 100% (0/53)
Wajanarogana et al., 100% (43
1999 Bp, Bt fliC Gel Bt) 100% (0/47) | PD Bp, Bt, Bc
100% (2
Bp) 100% (0/9)
100% (1
Chen et al., 2002° E Bt) 100% (0/10) | Inoculated soil DNA Bp, Bt, Bc 10 cell/rxn
100% (4
E Bp) 0% (7/7) Soil DNA
100% (206
Bp) 100% (0/84)
Sonthayanon et al., 100% (84 20-80
2002" E Bt) 100% (0/206) | BL Bp, Bt CFU/rxn
100% (4
Bp) 100% (0/2)
100% (2 Direct soil 200-2000
E Bt) 100% (0/4) (inoculated) CFU/rxn
Kao et al., 2003 E Soil DNA 1 CFU/mL
Soil DNA. 53 samples
fliC & 16s detected beyond
Chen et al., 2010 E rRNA culture

100% 98.4%
(1954 Bp) (6/378) Bp, Bm, Bt, Btl, Bp: >40 fg (5
100% 100% Bc, Bee, Bo, Bphy, | GE) & Bt:
Bp, SNP in Chr 1 (0/120 (0/2212 Bsp, Bu, Bv, Cn, >400fg (50
Price et al., 2012 Bt/Btl/Bo | 122018 TagMan | Bt/Btl/Bo) | Bt/Btl/Bo) PD Cs, Rs GE)
99.9%
(1953/1954 Bp: >4 fg (0.5
Bp) 100% (0/378) GE) & Bt: >4
Bp, SNP in Chr 2 100% (120 | 100% PD.1FNis ng (5x10°
Bt/Btl/Bo | 266152 Bt/Btl/Bo) | (0/2212) ambiguous GE)
Bp, Bm, Bt, Bc,
100% (365 Bmu, Bo, Bu, Bv,
Kaestli et al., 2012 E 266152 Bp) 100% (0/115) | PD Cs, Rsp 10 GE/Rxn
68% (34/50
E Bp) 100% (0/22) | Clinical DNA
Dharakul et al., 1999 Bp/Bm, 16s rRNA MN 100% (9 100% (0/22) | PD Bp, Bt, Bc
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Bt Gel Bp)
100% (5
Bt) 100% (0/26)
Bp/Bm, 100% (5 Patient/bufty coat
Bt Bp) 100% (0/2) DNA
PD. Suspected Bt
Winstanley and Hart, strain was confirmed
2000 E as Bt
100% (2
Bp) 100% (0/9)
100% (1
Chen et al., 2002° E Bt) 100% (0/10) | Inoculated soil DNA Bp, Bt, Bc 1 cell/rxn
100% (8
E Bp) 0% (2/2) Soil DNA
Kao et al., 2003 E Soil DNA 1 CFU/mL
Soil DNA. 53 samples
16s rRNA & detected beyond
Chen et al., 2010 E fliC culture
100% (76
Bp/Bm/B | Repetitive Bp/2 Bm/7 Bp, Bm, Bt, Bc,
Liu et al., 2002 t Element Gel Bt) 100% (0/6) PD Bg, Rp
100% (15
Highly | Bp/7 Bm) 100% (0/46)
Bp/Bm, Resolvi | 100% (30
Sprague et al., 2002 Bt fliC ng Gel Bt) 100% (0/38) | CBL Bp, Bm, Bt, Bg, Bv
Used to confirm
Schmoock et al., 2009 | E Bp/Bm strains

Ho etal., 2011

Bp/[Bm],

Tat domain &
70 kDa protein

M Gel

100% (43
Bp) 100% (0/27)
100% (7

BY) 100% (0/63)

100% (3
Sprague et al., 2002 & | Bp/Bm/B Bp/1 Bm/1 Bp, Bm, Bt, Bc,
Hagen et al., 2002° t fliC N Gel Bt) 100% (0/13) | CBL Bg, Bpl
Inoculated mice/spleen
DNA. Actually 100%
85.7% (6/7 sensitivity via
Bp) 100% (0/1) sequencing

Bp, Bt, Bam, Ban,
Bar, Bc, Bec, Bee,
Bcon, Bg, Bmu,
Bpy. Rp

Triple
positive: <10
copies/rxn
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100% (1

Bp) Bp: 10*
Bp/[Bm], 100% (1 Inoculated sputum CFU/rxn Bt:
Bt Bt) 100% (0/11) | DNA (both tests) 10° CFU/rxn
100% (19 Soil DNA. Samples
Bp/[Bm], Bp; 4 confirmed via
Bt Bp/Bcc) 100% (0/37) | sequencing

Koh et al., 2012

Bp test detects Bm
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Table IV. Indirect Differentiation Assays

Target/Assa | PCR Specificit Detection
Authors Species y Method | Sensitivity y Sample Information Species Evaluated | Limit
Bauernfeind et al., 23s rRNA 100% Bp, Bm, Bc, Bg,
1998 Bm SNP Gel 100% (3) (0/16) PD Bv, Cn, Rp
100% (4 Bp/3 | 100%
Bp/Bm Bm) (0/12) PD
BL: 10°-10°
Antonov et al., 2004 E Bm test 100% (14) PD Bm cells/mL
23s rRNA
Tkachenko et al., 2003 Burk 3s-2as
& Antonov et al., & Burk 1s- Non-N 80.0% PD (both tests). FP Bc BL: 10?
2004° Bm 2as Gel 100%(16) (11/55) & Bp strains Bm, Bp, Bt, Bc cells/mL
Burkls-4as & 100% (15 95.0% PD. 2 FP were Bc Bm BL: 10°
Bp/Bm Burk3s-2as Bp/14 Bm) (2/40) strains (both tests) cells/mL
B23 s5-a6 & 100% (15 100% Bm BL: 10°
Antonov et al., 2004 Bp/Bm B23 s7-a8 Bp/14 Bm) (0/40) PD (both tests) cells/mL
Tkachenko et al., 2003
& Antonov et al., Burk3s-4as & PD. Possible Bc BL: 10
2004° Bm Burk Is-2as N Gel 100% (1) detection Bm cells/mL?
Environmental & Environmenta
B23 s5-a6 & | Non-N clinical DNA on both 1/Clinical Bm:
Antonov et al., 2004 Bp/Bm B23 s7-a8 Gel 100% 100% tests (Bm inoculated) 10° cells/mL
98.4% (45/46 | 100% Bp, Bm, Bt, Be, 10%-10°
Altukhova et al., 2007 | E B23 s5-a6 Bp & 15 Bm) (0/36) PD Bml, Bpli cells/mL
100%
Rainbow et al., 2002 Bp orfl1 (TTS1) | Gel 100% (8 Bp) (0/14) PD Bp, Bt
100%
Bp orf7 (TTS1) 100% (8 Bp) (0/14) PD
92.9% PD. Faint FP product
Bp bpsc] (TTS1) 100% (8 Bp) (1/14) by Bt E27 strain
Bp/Bm orf13 (TTS1) 100% 100% PD
bpscU2 100% (3 Bp/3
Bp/Bm/Bt | (TTS2) Bt) PD
SopE
homolog
Bp/Bm/Bt | (TTS3) 100% 100% PD
Rainbow et al., 2002 & | Bp orfl1 (TTS1) | TagMan | 100% (58 Bp) | 100% PD Bm, Bp, Bt, Ba, Bp: 5 fg
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Thibault et al., 2004" (0745) Bc, Bca, Bceal, DNA/ul
Bcar, Bdo, Bf, Bg,
Bgl, Bglu, Begr,
Bmu, Bphe, Bpl,
Bpy, Bst, Bv, Pn
100% (58 100%
Bp/Bm orf13 (TTS1) Bp/16 Bm) (0/29) PD
100% (58
bpscU2 Bp/16 Bm/3 100%
Bp/Bm/Bt | (TTS2) Bt) (0/26) PD
Patient (horse clinical
DNA). 3/3 CFT+ &
fliP PCR+ [0% (0/3)
100% sensitivity &
Scholz et al., 2006 E orfl3 0% (0/1 Bm) (0/2) specificity N/A] 10 fg (2 GE)
Bp, Bm, Bt, Bc,
Ba, Bam, Ban, Bca,
Bcal, Bcear, Bf, Bg,
Bgl, Bglu, Bgr, Bh,
Bk, Bmu, Bph,
Bphe, Bpl, Bpy,
Bsa, Bso, Bst, Bte,
97.9% CBL. FP were 2 Bt & | Btu, Bu, Bv, Pn,
Tomaso et al., 2006 E orfll 100% (27 Bp) | (3/144) Bso Rp
100% (27 97.6% CBL. FP were Bt,
E orfl3 Bp/19 Bm) (3/125) Bcar, & Bphe
Patient (clinical
DNA). 2 FP correlates
with Tomaso et al.,
46.4% (13/28 88.2% 2006's tests [100%
Supaprom et al., 2007 | E orfl1 Bp) (2/17) specificity]
PD. 1 FP had a late CT | Bp, Bm, Bt, Bc,
100% (365 99.1% for Bm [100% Bmu, Bo, Bu, By,
Kaestli et al., 2012 E orfll Bp) (1/115) specificity] Cs, Rsp 10 GE/rxn
70% (35/50
E Bp) 100% (22) | Clinical DNA
Liuetal, 2002 & Lee Repetitive 100% (62 Bp/9 | 100% Bp, Bm, Bt, Bc, Bp: 10 ng &
et al., 2005 Bp/Bm/Bt | Element M Gel Bm/16 Bt) (0/14) PD & CBL Bca, Bg, Rp, Rs Bm: 10° pg
Lee et al., 2005 Bp/Bt mprA 100% (62 100% PD & CBL Bt: 10 ng
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Bp/16 Bt) (0/23)
Within
repetitive 100%
Bt element 100% (16 Bt) (0/85) PD & CBL
Patient (horse clinical
DNA). 3/3 CFT+ &
fliP PCR+ [0% (0/3)
100% sensitivity &
Scholz et al., 2006 E 0% (0/1 Bm) (0/2) specificity N/A]

100% (46 100% Bp, Bpli, Bm, Bml,
Altukhova et al., 2007 | Bp/Bm fliC Gel Bp/15 Bm) (0/36) PD Bt, Bc 10°cells/mL
100% (46
Bp/15 Bny/5 100% 10%-10°
Bp/Bm/Bt Bt) (0/31) PD cells/mL
Clinical acute
76% (57/75 melioidosis DNA
Bp/Bm Bp) (inoculated animals)
Clinical acute glanders
70% (70/100 DNA (inoculated
Bp/Bm Bm) animals)
Clinical subacute
pulmonary melioidosis
339% (33/100 DNA (inoculated
Bp/Bm Bp) animals)
Clinical subacute
37.5% (75/200 glanders DNA
Bp/Bm Bm) (inoculated animals)
Bp, Bm, Bt, Bam,
Ban, Bc, Bcee, Bceal,
Bdo, Bh, Bmu,
100% (16 Bphe, Bphy, Bpy,
Bp/Bm/ Bp/17 Bm/2 100% Bsp, Bst, Bv, Bx,
Wattiau et al., 2007 Bt/Bo narK Gel Bt) (0/16) PD Cm
100% (16
Bp/Bm/ Bp/17 Bm/2 12.5%
Bt/Bo gltB Bt) (14/16) PD
Molecul | 100% (16 Bp)
Bp, Bm, ar
Bt/Bo narK & gltB Beacon | 100% (17 100% PD
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Bm)

100% (2 Bt)
Bp, Bm, Bt, Bam,
Bc, Bee, Bd, Bf,
100% Bg, Bgl, Bmu, Bst,
Schmoock et al., 2009° | Bm BMAA1051 M Gel 100% (1) (0/13) PD Bv
100%
Bm BMAA1052 100% (1) (0/13) PD
100% (1 Bp/1 100%
Bp/Bm BMAAI1916 Gel Bm)' (0/12) PD
100% (1 Bp/1 100%
Bp/Bm fliC M Gel Bm) (0/12) PD
100% (1 100%
Bp/Bt) (0/12)
Bp/Bt, 100%
Bm BMAA1268 100% (1 Bm) (0/13) PD
100% (1 75%
Bp/Bt) (3/12)
Bp/Bt, 76.9%
Bm motB 100% (1 Bm) (3/13) PD
Koh et al., 2012 Bp BPSS2022 M Gel 100% (46) 100% (69) | PD & BL Bp, Bm, Bt, Bc, Rp | Bp: 109ng
100% (46 Bp/4
Bp/Bm BPSL.1958 Bm) 100% (65) | PD & BL Bm: 60ng
100% (46 Bp/4
Bp/Bm/Bt | BPSS1649 Bm/6 Bt) 100% (59) | PD & BL Bt: 23ng
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*Author recommends using both Dharakul et al., 1999 & Wajanarogana et
al., 1999's assays for improved accuracy of Bp detection

"Three hours to complete assay

“Novak et al., 2006's assay is more sensitive than culture when combined
with Trung et al., 2011's assay on soil samples. Author recommends the
use of both Trung et al., 2011 & Novak et al., 2006's assays.

dAuthors also developed a Be and genus assay

3.5 hours to complete assay

fClinical sensitivity

Five hours to complete gel assay

"Uses three of the four primers from Kunakorn and Markham, 1995's assay

'Seven hours to complete assay

IAssay completed within a day

“Uses forward and reverse primers from Tomaso et al., 2004's assay

'Uses forward primer and probe from Tomaso et al., 2004 and Tomaso et
al., 2005's assay respectively

™2.5 hours to complete assay

"Two hours to complete assay

°A genus assay was also developed

PBurk Is; 3s; & 4as are primers from Tkachenko et al., 2003's assay

N Burk 1s-2as & B23 s7-a8 assay also had a Bm sensitivity of 10 cells/mL

‘Uses orfl1 forward primer from Rainbow et al., 2002's assay

*Also developed a genus assay

‘Bp product was low
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Single-Species Differentiation Assavs

B. pseudomallei

The clinical importance of melioidosis has promoted the creation of several assays to detect and

identify B. pseudomallei.

165 rRNA

A PCR assay targeting the gene for the 16s rRNA (rDNA) was developed for B. pseudomallei
detection (Brook et al., 1997). The procedure had 100% accuracy, and was ten times more
sensitive on the inoculated soil samples than the two culture methods used in the study. This
assay also had an environmental sensitivity and specificity of 75% (15/20) and 59.4% (13/32),
respectively, for B. pseudomallei in soil samples. Due to a low environmental accuracy, the assay

appears useful for purified DNA and crude bacterial lysate detection only.

Two gPCR tests based on SYBR Green and TagMan probes were developed, and both
procedures were tested on more than 80 B. pseudomallei strains. Both assays reported 100%
sensitivity and specificity (Yap et al., 2002). Yap et al recommended the SYBR Green assay

because of its lower detection limit compared to the TagMan procedure.

The 16s rRNA sequences of certain isolates of B. pseudomallei and B. mallei have been shown to
differ by only a single nucleotide, and therefore 16s rRNA assays will likely detect both
pathogens as a complex. Although the 16s rRNA assays mention B. pseudomallei specificity,
many have not been evaluated with B. mallei, including the 16s rRNA assays previously

described. Consequently, 16s rRNA procedures should not be used in differentiating these two
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species, but may be suitable for environmental use since B. mallei is rarely found in the

environment.

Type three secretion system

A PCR test targeting orf2 within the type three secretion system gene cluster (TTS1) was
developed for the purpose of linking virulence with Ara” B. pseudomallei (now known only as B.
pseudomallei) (Winstanley and Hart, 2000). Although the study was designed to identify
virulence, it may also serve as a potential target for B. pseudomallei detection. The test had
100% sensitivity and 93.3% (1/15) specificity. The false positive was a B. thailandensis strain,
which was further tested for possible misclassification by a previously established assay

(Dharakul et al., 1999), but was confirmed to be B. thailandensis.

Winstanely et al's method was evaluated in three follow-up studies. One follow-up study
reported 100% accuracy (Smith-Vaughan et al., 2003). Another follow-up study evaluated the
assay's ability to be used on environmental samples (Chen et al., 2002). The procedure had 100%
sensitivity on inoculated soil and rice paddy soil samples. Due to B. cepacia detection, the test
had a specificity of 88.9% (1/9) on inoculated soil samples. On paddy soil samples, the
specificity was 0% (5/5). This follow-up study also evaluated the same soil samples against two
other PCR studies (Dharakul et al., 1999; Wajanarogana et al., 1999), and both methods also
detected B. pseudomallei beyond culture (Chen et al., 2002). Consequently, the environmental
specificity of Winstanely et al's assay may be higher than the reported 0% for paddy soil
samples. The last follow-up study evaluated the test's ability to be used on clinical samples (Gal
et al., 2005). The assay had a clinical sensitivity and specificity of 65.4% (17/26) and 95.5%

3/67), respectively, and a patient sensitivity and specificity of 77.7% (7/9) and 100%
(3/67), resp \A p y p y (779) ,

32



respectively. The sample types used affected PCR accuracy. The two false positive clinical
samples were sputum samples collected from melioidosis patients undergoing antibiotic
treatment. This indicates PCR's sensitivity beyond culture for sputum samples. In addition, a
nose swab from a patient with septicemic melioidosis was detected only by PCR. Overall, 9/12

sample types detected by PCR agreed with or went beyond the sensitivity of culture.

Two of the three follow-up studies for Winstanely et al's method reported a sensitivity of 100%
on purified DNA and environmental samples. Purified DNA from a B. thailandensis strain and a
B. cepacia inoculated soil sample were detected, and therefore this procedure is not
recommended for specific B. pseudomallei differentiation. In addition, B. mallei strains were not
evaluated in any of the studies. There is potential clinical use due to the test's sensitivity beyond
culture for sputum samples, but the low sensitivity of the assay would contraindicate its use for

diagnosis.

A novel TagMan qPCR method which targeted orf2 within the TTS1 was developed, and had a
qPCR accuracy of 100% (Novak et al., 2006). The test also had 100% clinical sensitivity on

inoculated blood samples.

Novak et al's procedure was evaluated in six follow-up studies. The test's accuracy approached
100% (Trung et al., 2011; Kaestli et al., 2012; Price et al., 2012) with only one strain decreasing
the assay's sensitivity. This false negative was a B. pseudomallei strain which had a reduced
genome that lacked some virulence loci, including orf2 (Price et al., 2012). Two follow-up
studies evaluated the procedure's ability to be used on environmental samples (Kaestli et al.,
2007; Trung et al., 2011). Kaestli et al reported 100% specificity on inoculated soil samples. One

false negative decreased the assay's sensitivity on soil samples (Trung et al., 2011). This false
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negative was detected by a different qPCR method (Supaprom et al., 2007; Trung et al., 2011). A
total of 10 false positive soil samples were observed by the two environmental follow-up studies
(Kaestli et al., 2007; Trung et al., 2011). These false positives agreed with other qPCR tests
(Kaestli et al., 2007; Supaprom et al., 2007), indicating Novak et al's qPCR sensitivity beyond
culture for soil samples. Overall, the test approached an environmental accuracy of 100%. Three
follow-up studies evaluated the assay's ability to detect B. pseudomallei in clinical samples
(Meumann et al., 2006; Chantratita et al., 2008; Kaestli et al., 2012). The qPCR diagnostic
sensitivities were inconsistent. The highest and lowest clinical sensitivity was 80% (Kaestli et al.,
2012) and 25.9% (Chantratita et al., 2008), respectively. The highest and lowest patient
sensitivity was 90.9% (Meumann et al., 2006) and 33.8% (Chantratita et al., 2008), respectively.
Despite the varying clinical sensitivities, the procedure had a diagnostic specificity approaching

100%, as reported in all three clinical follow-up studies.

Novak et al's test appeared useful on purified DNA and environmental samples. The single false
negative soil sample was detected by another method (Supaprom et al., 2007; Trung et al., 2011).
Therefore, both Novak et al and Trung et al's procedures could be used on environmental
samples (Trung et al., 2011). The test had a diagnostic specificity approaching 100%, but the
diagnostic sensitivity has varied in subsequent evaluations. In one of the follow-up studies, the
assay was able to detect B. pseudomallei in all six blood samples from septic shock patients
(Meumann et al., 2006). In addition, the test was evaluated with six other qPCR assays on the
same clinical samples, and Novak et al's method had the highest clinical accuracy (Kaestli et al.,
2012). Therefore, Novak et al's qPCR assay is currently the best one available for detecting B.

pseudomallei in clinical samples.
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A novel TagMan duplex procedure that detects and differentiates B. pseudomallei and S.
pneumoniae was developed (Al-Marzooq et al., 2011). The B. pseudomallei-specific test
targeting orf2 within the TTS1 had 100% accuracy. In a follow-up study, Al-Marzooq et al's
method was evaluated for its ability to be used on clinical samples from pneumonic patients.
This study reported a patient sensitivity and specificity of 100% and 89.1% (5/46) respectively
(Mustafa et al., 2011). Three of the five patients with false positive diagnoses died within 48
hours of hospitalization; a common time frame for melioidosis death. All six melioidosis patients
detected by PCR had diabetes and exhibited clinical and radiological symptoms of melioidosis.
In addition, a mortality rate of 67% within 48 hours of hospital admittance was also observed.
The evidence overwhelmingly indicates the assay's sensitivity beyond culture for pneumonic

melioidosis patients.

Al-Marzooq et al's test reported an accuracy of 100% on purified DNA and clinical samples.
However, additional B. pseudomallei complex strains should be evaluated by the assay. The orf2
TTS1 has been a heavily evaluated target, showing an accuracy approaching 100%. Therefore,
this test will likely have similar accuracies when evaluated. This is the first orf2 TTS1-targeted
procedure that reported higher sensitivity than culture on clinical samples, and it may prove

useful for clinical purposes.

Serine metalloprotease

A PCR method which targeted the gene for a serine metalloprotease (mprA) had 100% accuracy
(Neubauer et al., 2007). The procedure was also tested on a clinical sample from a camel, and the
clinical sample was PCR confirmed. In a follow-up study, Neubauer et al's test, adapted for

TagMan use, was evaluated on purified DNA and clinical samples (Kaestli et al., 2012). The
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assay accuracy was 100%, while the clinical sensitivity and specificity was 54% (27/50) and

100%, respectively.

Neubauer et al's procedure could be used for specific B. pseudomallei detection on purified DNA
and crude bacterial lysates. The PCR assay, adapted for TagMan use, and six other qPCR tests
were evaluated on the same clinical samples. Neubauer et al's assay had the lowest clinical
accuracy (Kaestli et al., 2012). Therefore, other assays may be preferable for clinical detection of

B. pseudomallei.

Two tests, a PCR and SYBR Green qPCR, were developed to detect and differentiate B.
pseudomallei by targeting mprA (Suppiah et al., 2010). The PCR and qPCR methods were
evaluated for their ability to detect B. pseudomallei. Both assays had 100% accuracy and the
PCR test had 100% clinical accuracy on blood samples. The PCR procedure had a clinical
sensitivity and specificity of 0% and 100%, respectively, on serum DNA. As mentioned
previously, all assay accuracies are compared to culture confirmed samples. The serum samples
were confirmed for the presence of B. pseudomallei by an immunofluorescent antibody assay
(Vadivelu and Puthucheary, 2000) instead of culture. In addition, other tests were not used to
supplement the confirmation of B. pseudomallei. Therefore, the PCR clinical accuracy on serum
DNA may be inaccurate. Suppiah et al's tests could be used to differentiate B. pseudomallei on
purified DNA, but B. mallei strains were not evaluated. The qPCR method requires further
evaluation to determine its ability to detect B. pseudomallei in clinical samples. In addition, the
PCR method has potential diagnostic use, but needs further evaluation with additional clinical

samples.

Additional targets

36



A novel PCR test based on a DNA probe (Sermswan et al., 1994) had 100% accuracy
(Rattanathongkom et al., 1997). This method was also evaluated for its ability to be used on
blood samples, and the assay had 100% patient/clinical accuracy (R. Sermswan, personal

communication).

Rattanathongkom et al's procedure was used in two follow-up studies that evaluated its ability to
detect B. pseudomallei in clinical samples of septicemic melioidosis patients (Kunakorn et al.,
2000; Sermswan et al., 2000). One follow-up study reported a patient sensitivity of 95.2%
(20/21) (Sermswan et al., 2000), while the other reported a diagnostic sensitivity of 31.0% (9/29)
(Kunakorn et al., 2000). Overall, nine false positives were reported with a test diagnostic

specificity approaching 100%.

Rattanathongkom et al's method appeared useful for B. pseudomallei detection using purified
DNA and crude bacterial lysates, but the assay needs evaluation with B. mallei and B.
thailandensis strains. The procedure's diagnostic sensitivity is questionable due to conflicting
results. Two of the three studies reported a diagnostic sensitivity approaching 100% (Sermswan
et al., 1994; Sermswan et al., 2000), while the third study had a clinical sensitivity of 31.0%
(Kunakorn et al., 2000). Kunakorn et al's study evaluated the same clinical samples using another
PCR method (Dharakul et al., 1996), and Rattanathongkom et al's assay was the least sensitive,
but most specific (Kunakorn et al., 2000). Given the conflicting diagnostic assay accuracies,

additional clinical evaluation is necessary.

The ME12 PCR procedure had 100% accuracy (Sura et al., 1997). The assay's utility for clinical

use is unknown since a southern blot hybridization step was part of this procedure for B.
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pseudomallei detection in clinical samples. Due to the lack of follow-up studies, more recent and

better evaluated B. pseudomallei differentiation tests may be preferable.

A PCR assay targeting the polyhydroxyalkanoate synthase gene (phaC) was developed for the
specific differentiation of B. pseudomallei (Merritt et al., 2006). The procedure detected all
Burkholderia species except for three B. cepacia strains, indicating a test sensitivity of 100% and
specificity of 13.0% (20/23). This assay may be useful for Burkholderia genus detection because
phaC encodes polyhydroxybutyrate synthase, and its accumulation pathway is well conserved
within Burkholderia (Merritt et al., 2006). If Burkholderia genus detection was the object of this
study, the assay sensitivity would be 96.8% (92/95). Thus, this PCR test should not be used for

the differentiation of B. pseudomallei from other species.

Two novel gPCR methods targeting separate B. pseudomallei loci were developed, and both tests
(9438 and 8653) had 100% accuracy (Supaprom et al., 2007). These procedures were then
evaluated for their ability to detect B. pseudomallei in clinical samples from septicemic patients.
The 8653 test had the higher patient sensitivity of 71.4% (20/28). In addition, 8653 detected all
seven fatal septicemias, while 9438 detected only five of the seven fatal septicemias. Two false
positives, detected by both assays, correlated with a previously published test (Thibault et al.,
2004), indicating possible sample contamination, and a possible clinical specificity of 100% and
94.1% (1/17) for 9438 and 8653, respectively. In addition, both 9438 and 8653 had a higher
clinical sensitivity than Thibault et al's test. The 8653 procedure was evaluated in two follow-up
studies that reported 100% accuracy (Hodgson et al., 2009; Kaestli et al., 2012). Therefore, the
test appears useful on purified DNA and bacterial lysates. Clinical samples were evaluated using
the 8653 method with a reported clinical sensitivity of 68.0% (34/50) and specificity of 100%.
When 8653 and six other qPCR tests, which included Thibault et al's assay, were evaluated on
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the same clinical samples, 8653 and another test were ranked second to last in clinical accuracy.
Interestingly, Thibault et al's assay reported a higher clinical accuracy than 8653. The 8653 test
may be useful for detection of B. pseudomallei in fatal septicemia cases only, and if used,

additional supplemental methods should be employed, due to its low diagnostic sensitivity.

A novel nested qPCR method using sequences from Supaprom et al's 8653 test as inner primers
was tested for its ability to detect B. pseudomallei in purified DNA and soil samples (Trung et
al., 2011). The assay had 100% accuracy, and therefore would be useful for differentiation of B.
pseudomallei using purified DNA, but further evaluation of B. mallei strains is necessary. The
study also had an environmental accuracy approaching 100%, with four false positives detected.
Three of the four false positive soil samples were also detected with Novak et al's TTS1
procedure, indicating that this nested qPCR is sensitive beyond culture on soil samples.
Therefore, the nested qPCR and Novak et al's TTS1 methods should be effective if used together

for detecting B. pseudomallei in soil samples (Trung et al., 2011).

A multiplex SYBR Green qPCR test targeting Yersinia-like fimbrial (YLF) and Burkholderia
thailandensis-like flagellum and chemotaxis (BTFC) gene clusters was developed to type B.
pseudomallei (Tuanyok et al., 2007). This method had 100% sensitivity, but additional species
should be tested since only B. pseudomallei strains were evaluated. The same gene targets were
also used in a novel TagMan qPCR procedure designed to detect B. pseudomallei in purified
DNA and clinical samples (Kaestli et al., 2012). Due to a single false negative, the study had an
accuracy short of 100%. The clinical sensitivity and specificity was 80% (40/50) and 95.5%
(1/22), respectively. The clinical false negative had a late cycle threshold (Cr) value, indicating
possible sample contamination. Kaestli et al evaluated this gPCR method with six other assays

for their ability to detect B. pseudomallei in clinical samples, and the YLF/BTFC test's clinical
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accuracy was second best. Therefore, this assay could be used clinically, if Novak et al's TTS1

method is not available.

A SYBR Green qPCR assay which targeted an ATP-binding transport related membrane protein
(BPSL1664) was developed, and had 100% accuracy (Andresen et al., 2009). In a follow-up

study, the test was evaluated for its ability to detect B. pseudomallei signatures in purified DNA
obtained from five imported melioidosis travelers (Badran et al., 2010; Christensen, 2013). This
study reported 100% sensitivity, but further evaluation of the test is needed for clinical use. Due

to a limited sample size, additional bacterial strains, including B. thailandensis, should be tested.

Novak et al's TTS1 method has been heavily evaluated on several sample types and has shown
consistently better accuracies than other B. pseudomallei assays previously discussed. Several
clinical evaluations note that the difference in specimen collection methods (with some
specimens collected during treatment) may have affected sensitivity. Kaestli et al was able to
standardize some of the more heavily evaluated procedures (Thibault et al., 2004; Merritt et al.,
2006; Novak et al., 2006; Neubauer et al., 2007; Supaprom et al., 2007; Tuanyok et al., 2007;
Price et al., 2012) and showed that Novak et al's assay was the most reliable on clinical samples.
Novak et al's test would also be useful in detecting B. pseudomallei in purified DNA samples,
since all follow-up studies have indicated an accuracy approaching 100%. In addition, Novak et
al’s and Trung et al's tests should be used together for environmental samples because of the
assays' sensitivities beyond culture, which may translate into a more accurate representation of B.

pseudomallei’s presence in soil.

B. mallei
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The historical and potential use of B. mallei as a bioweapon reinforces the need for rapid and

reliable methods for its detection.

16s rRNA

A multiplex molecular beacon-based procedure, targeting the 16s rRNA, was developed to detect
B. mallei and three other CDC select agents (Varma-Basil et al., 2004). The test had 100%
accuracy, but other Burkholderia species, including B. pseudomallei and B. thailandensis strains,
should be tested. This method will likely detect both B. pseudomallei and B. mallei due to the

nearly identical 16s rRNA sequence these pathogens share.

Flagellar biosynthesis protein

A PCR study targeting the flagellar biosynthesis protein insertion element (f/iP-IS407 A) was
developed to detect B. mallei, and reported a test accuracy of 100% (Scholz et al., 2006). The
method was clinically evaluated on specimens from three glanderous horses. Seven of the eight
specimens were positive in two of the three horses, while the remaining horse was positive in
only one of the eight specimens. Overall, the assay had a patient sensitivity of 100% and a
specificity of 0% (2/2). All three horses had symptoms of acute glanders, and disease was also
confirmed by the complement fixation test (CFT). Therefore, this PCR procedure is likely more

sensitive than culture on these types of clinical samples.

In a follow-up study, Scholz et al's test was evaluated for its ability to detect B. mallei in purified
DNA samples from zoo animals, and the method had 100% accuracy (Khaki et al., 2012). The
results also agreed with those of Khaki et al's novel PCR test. Therefore, the fliP-IS407 A
procedure appears useful on purified DNA and crude bacterial lysates, but further evaluation is

needed on clinical samples.
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A novel qPCR test targeting the fIiP gene was developed to detect B. mallei, and had 100% assay
accuracy (Tomaso et al., 2006). The study was also clinically evaluated on horse samples, and
had 100% patient sensitivity. The clinical results also agreed with culture, pathology, and another
qPCR method (Tomaso et al., 2004). Therefore, this assay was useful on both crude bacterial
lysates and clinical samples. Tomaso et al's qPCR was also used in another study to confirm the

identity of B. mallei strains (Schmoock et al., 2009).

All of the fliP-based procedures had 100% accuracy on purified DNA or crude bacterial lysates,
and therefore would be useful for B. mallei detection. Although the fliP-based studies had 100%
diagnostic sensitivity, the limited clinical sample sizes used mandate further evaluation with

larger numbers of samples.

Burkholderia intracellular motility A

Five PCR assays were developed to detect B. mallei, and only the test targeting the Burkholderia
intracellular motility A gene (bimA) reported the highest accuracy. This bimA procedure reported
a PCR sensitivity of 93.5% (29/31) and specificity of 100% (Ulrich et al., 2006b). The two false
negatives were avirulent B. mallei strains containing a reduced genome lacking some genes
including bimA. The N-terminus region of himA was used to develop two novel gPCR
procedures which had 100% accuracy (Ulrich et al., 2006a). Both tests were evaluated for their
ability to detect B. mallei in clinical samples, and both had a qPCR patient accuracy of 100%.
Results of this study showed that lung samples had the highest level of clinical sensitivity, while

blood samples had the lowest level of clinical sensitivity.

The bimA method had a B. mallei sensitivity approaching 100%. The two false negatives,

detected by the himA PCR assay, were avirulent B. mallei strains. The avirulent strains
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previously described were not tested on the two bimA qPCR assays, and therefore himA assays
may only detect virulent B. mallei. The qPCR assays had a patient accuracy of 100%, but

additional clinical evaluation would be useful because of a limited sample size.

Another potential problem with the bimA assays is that B. pseudomallei strains from Australia
also contain the N-terminus region of himA, indicating that the bimA tests may not be suitable for
specific B. mallei differentiation from Australian B. pseudomallei isolates (Sitthidet et al., 2008).
In addition, B. thailandensis-like strain MSMB43 was detected by the bimA PCR assay (Kaestli

et al., 2012).

Additional targets

Khaki et al developed a novel PCR test for B. mallei detection which had 100% assay accuracy
(Khaki et al., 2012). The method was also evaluated for its ability to detect B. mallei on purified
DNA samples from zoo animals. The method had 100% accuracy, similar to the results of Scholz
et al's fliP assay previously described. Therefore, this procedure has potential for use on purified
DNA, but needs further evaluation using additional Burkholderia strains, including B.

pseudomallei and B. thailandensis. This method also requires clinical evaluation.

B. thailandensis

Since B. thailandensis is not a select agent and rarely causes human disease, only two methods

exist that specifically differentiate B. thailandensis:

a PCR assay targeting arabinose assimilation genes (Moore et al., 2004) and a SYBR Green

qPCR test targeting chemotaxis receptor methylesterase (cheB) (Tuanyok et al., 2007). Both had
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100% accuracy and would be useful on purified DNA, but Moore et al's method needs evaluation

with additional B. pseudomallei and B. mallei strains.

Multi-Species Differentiations Assays

The genomic sequence similarity of members of the B. pseudomallei complex has promoted the
creation of several assays to detect and differentiate various combinations of these species. A
slash between Burkholderia species will denote a complex, i.e., B. pseudomallei/B. mallei.

B. pseudomallei & B. mallei

The significance of the etiologic agents of melioidosis and glanders, with regards to their clinical
characteristics and potential use as bioweapons, has promoted the creation of several tests to

specifically detect these pathogens in assays that may or may not differentiate between species.

23s rRNA

Three PCR methods targeting the 23s rRNA were developed for detection of B. pseudomallei/B.
mallei (Bp/Bm) (Lew and Desmarchelier, 1994). One test (PPMA-PPMC) was unable to detect
Bp/Bm in bacterial lysates, but reported 100% accuracy on purified DNA. The other two tests
were evaluated for their ability to detect Bp/Bm in bacterial lysates, and only one assay (PPMB2-
PPM2) detected the pathogens. The PPMB2-PPM2 test was also evaluated for clinical use and

had 100% clinical sensitivity.

Two follow-up studies evaluated the 23s rRNA assays for their ability to detect Bp/Bm in
purified DNA and clinical samples. Although Lew and Desmarchelier's PPMB2-PPM2 method
had showed 100% clinical accuracy, one of the follow-up studies indicated this procedure also
detected B. cepacia strains, and therefore had a PCR accuracy less than 100% (Brook et al.,

1997). This assay should be evaluated on B. cepacia-inoculated clinical samples to determine
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clinical accuracy. The second follow-up study using the PPMA-PPM2 procedure had a clinical
sensitivity of 20% (2/10) on buffy coat samples (Haase et al., 1998). These buffy coat samples
were also tested with another PCR method (Dharakul et al., 1996) which was 100 times more
sensitive than PPMA-PPM2 (Haase et al., 1998). These 23s rRNA methods may not be suitable
for purified DNA, crude bacterial lysates, and clinical samples due to B. cepacia detection and
low sensitivity. Evaluation of additional Burkholderia species (including B. thailandensis) and
clinical samples, may be useful for the other test in Lew and Desmarchelier's study (PPMA-
PPMC). However, more recent and better evaluated B. pseudomallei differentiation tests are

preferable.

Two novel PCR assays were developed that targeted the 23s rRNA to detect Bp/Bm, and had
100% accuracy (Tkachenko et al., 2003). These tests were clinically evaluated on B.
pseudomallei-inoculated hamster samples, and both procedures had 100% clinical sensitivity. In
a follow-up study, both procedures detected two B. cepacia strains, and therefore, the PCR
accuracies are less than 100% (Antonov et al., 2004). The tests should not be used on purified
DNA. Although the clinical specificities of the tests were 100%, the assays are likely to detect B.

cepacia, and therefore, these should not be used on clinical samples.

Tkachenko et al's two assays were used as components of a novel nested PCR assay to increase
detection sensitivity of Bp/Bm (Antonov et al., 2004), which will be discussed in the indirect

assay differentiation section.

16-23s rRNA internal transcribed spacers

Four primers, targeting the 16-23s rRNA internal transcribed spacers (ITS), were developed and

used in various combinations in PCR assays to detect Bp/Bm (Kunakorn and Markham, 1995).
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The non-nested (outer primers) PCR assay had 100% accuracy, but B. mallei and B.
thailandensis strains were not evaluated. The other PCR tests were coupled with solution

hybridization in the study, and therefore, accuracies of these methods are unknown.

Five subtly modified follow-up studies tested the 16-23s rRNA ITS tests for their ability to
detect Bp/Bm in purified DNA. These subtle modifications use the same primer sequences
specified in the 16-23s rRNA ITS assay, and consequently, the follow-up studies are not

different enough to be considered new tests.

Two follow-up studies used the semi-nested method to detect Bp/Bm, and reported an accuracy
approaching 100% (Inglis et al., 2005; Merritt et al., 2006). The remaining three follow-up
studies used the non-nested procedure to detect Bp/Bm, and reported accuracies of 100% (Couto
et al., 2009; Brilhante et al., 2012; Nandagopal et al., 2012). Two non-nested follow-up studies
tested the 16-23s rRNA ITS assays for their ability to detect Bp/Bm in clinical samples, and
reported clinical accuracies approaching 100% (Couto et al., 2009; Nandagopal et al., 2012). In
addition, a false negative buffy coat sample was detected, and the patient associated with this
sample was successfully treated for melioidosis (Nandagopal et al., 2012). Therefore, the non-

nested assay has possible Bp/Bm detection sensitivity beyond culture for buffy coat samples.

It appears that the 16-23s rRNA ITS studies, semi-nested and non-nested, were useful for the
detection of Bp/Bm in purified DNA or bacterial lysates. Both assay types may be useful for
Bp/Bm detection, but require further evaluation with additional bacterial strains including B.
mallei and B. thailandensis. The non-nested procedure could be useful clinically, but needs
further evaluation on additional clinical samples. The semi-nested method also requires

evaluation for clinical use.
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165 rRNA

A nested PCR method to detect Bp/Bm, targeting the 16s rRNA, reported an accuracy of 100%
(Dharakul et al., 1996). Various clinical samples were also evaluated by the test to explore its
ability to detect B. pseudomallei from septicemic patients. The assay had a sensitivity and
specificity of 36.4% (8/22) and 100%, respectively, on clinical samples from septicemic patients.
If accuracies were specified by sample type, the PCR diagnostic sensitivities would be 72.7%
(8/11) and 0% (0/11) for bufty coat and plasma samples, respectively, for melioidosis septicemic
detection. In addition, the test has a clinical and patient sensitivity of 66.7% (2/3) for
identification of localized melioidosis. Interestingly, of the eight blood-culture-negative sputum
samples from localized melioidosis patients, one patient's sputum sample was detected by this

PCR assay.

A follow-up study of Dharakul et al's procedure reported 100% specificity (Haase et al., 1998),
but two follow-up clinical studies reported inconsistent diagnostic PCR accuracies (Haase et al.,
1998; Kunakorn et al., 2000). One clinical follow-up study reported a clinical accuracy less than
55% on plasma samples (Kunakorn et al., 2000). Another clinical follow-up study reported 100%
assay sensitivity on buffy coat samples (Haase et al., 1998). The two false negatives and 10 false
positives reported in this same study shed doubt on the assay's diagnostic accuracy (Haase et al.,
1998). These two false negatives were undetected because of the age of one of the samples, and
centrifugation of the other sample which resulted in organism loss prior to testing. Of the ten
patients with false positive clinical samples, two were serologically positive, suggesting previous
exposure to the organism. Therefore, the possible patient test sensitivity and specificity is 100%

and 84% (8/50), respectively. In addition, three serologically-positive but culture-negative blood
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specimens from melioidosis patients were confirmed positive for Bp/Bm by PCR. These patients

also responded positively to treatment.

This method may be used for Bp/Bm detection on purified DNA and crude bacterial lysates, but
the procedure needs further evaluation with B. mallei and B. thailandensis strains. The low
diagnostic sensitivity of Dharakul et al's assay on one of the two clinical follow-up studies could
be attributed to some samples being collected during treatment, and/or differences in specimen
collection procedures (Kunakorn et al., 2000). The same plasma samples from the clinical
follow-up study were also evaluated for Bp/Bm using another PCR test (Rattanathongkom et al.,
1997) in which Dharakul et al's test was the highest in sensitivity, but lowest in specificity
(Kunakorn et al., 2000). In addition, the follow-up study on inoculated buffy coat samples
showed the assay to be 100 times more sensitive in detecting Bp/Bm than a previously described
23s rRNA method (Lew and Desmarchelier, 1994). The variability in the assay's diagnostic
accuracies in the clinical studies may have been due to the sample type. The higher diagnostic
accuracy reported came from the follow-up study evaluating buffy coat samples (Dharakul et al.,
1996; Haase et al., 1998), and the lower diagnostic accuracy reported came from the follow-up
study evaluating plasma samples (Kunakorn et al., 2000). Despite the conflicting data, the 16s
rRNA procedure has potential diagnostic use in detecting Bp/Bm, but additional clinical

evaluations should be performed.

16s rRNA and flagellar structural protein

Two qPCR assays were developed targeting the 16s rRNA and flagellar filament structural

protein (f1iC) for Bp/Bm detection (Tomaso et al., 2004). The two procedures performed equally
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well on purified DNA and crude bacterial lysates, with 100% accuracy for Bp/Bm detection. In

the same study, inoculated blood samples were consistently detected by both tests.

Two studies (Tomaso et al., 2005; Chantratita et al., 2007) used different combinations of the
primers and probe from Tomaso et al's methods. Therefore, the original assay and the tests used
in the follow-up studies are all slightly different from each other. They could be considered as
novel procedures, but due to the similarities of the primers, they are best classified as follow-up

studies.

One follow-up study using the 16s rRNA and f7iC assays had 100% accuracy in detecting Bp/Bm
(Tomaso et al., 2005). The same study also developed an assay targeting the ribosomal protein

subunit 21 (rpsU 21), which likely identifies the Burkholderia genus (Hagen et al., 2002).

Another follow-up study explored the ability of the original f7/iC assay (H. Tomaso, personal
communication) to detect B. mallei in clinical samples from two horses suspected of glanders,
and the assays had 100% patient sensitivity, which correlated with a fliP study previously
described (Tomaso et al., 2006). A third follow-up study evaluated the ability of the 16s rRNA
assay to detect Bp/Bm in clinical samples. This test had a clinical sensitivity and specificity of
50.9% (59/116) and 99.0% (7/730), respectively (Chantratita et al., 2007). These data
corresponded to a qPCR patient sensitivity and specificity of 61% (47/77) and 100%,
respectively. Depending on the sample type, varied levels of clinical sensitivity were observed as
seen by the difference between the lowest level of clinical sensitivity found in blood (25%) and
the highest level of clinical sensitivity found in pus/fluid specimens (85.7%). Interestingly, the
qPCR and culture-confirmed patients had a 100% mortality rate, suggesting the assay can be

used for faster diagnosis of potentially fatal melioidosis cases. In addition, the seven false
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positive clinical samples detected non-viable B. pseudomallei from confirmed melioidosis
patients (culture confirmed from different body site collections). Therefore, this method has a

possible clinical specificity of 100%.

The original 16s TRNA and f7iC procedures and their subtle variation counterparts appear useful
in detecting Bp/Bm in purified DNA samples and crude bacterial lysates (Tomaso et al., 2004;
Tomaso et al., 2005). The original f7iC method appears useful clinically, but requires further
evaluation of additional clinical samples since only two glanderous horses were evaluated. The
other follow-up study used only the 16s rRNA test, and had a patient sensitivity and specificity
of 61% and 100%, respectively (Chantratita et al., 2007). Although patient sensitivity was low,
the assay was able to detect all fatal cases of melioidosis. Furthermore, higher sensitivity yields
are possible if the optimum specimen type is used, such as sputum or pus, and DNA processing
methods are improved. Since the 16s rRNA assay had sensitivity beyond culture and detected all

fatal cases of melioidosis, the test may be useful for diagnosis of septicemic cases.

Single nucleotide polymorphism

A duplex TagMan qPCR study with an assay accuracy of 100% was developed to detect and
differentiate B. pseudomallei and B. mallei by targeting a SNP in a putative antibiotic resistance
gene (P27) (U'Ren et al., 2005). The P27 method was later reported to identify a B. oklahomensis
strain as B. pseudomallei and a B. thailandensis-like strain as B. mallei (Bowers et al., 2010). In
response to the false positive results, Bowers et al developed a novel SNP-targeted duplex

TagMan qPCR test (BurkDiff) with a reported accuracy of 100%.

In a follow-up study, four qPCR procedures (Novak et al., 2006; Price et al., 2012), including

BurkDiff, were evaluated for their ability to detect and differentiate Burkholderia using purified
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DNA (Price et al., 2012). BurkDiff was the most reliable test for B. pseudomallei detection,
having a qPCR accuracy of 100%, but was also the most difficult test to interpret due to probe

cross hybridization.

Additional targets

A 2-D gel electrophoresis analysis found various hypothetical proteins expressed solely by B.
pseudomallei (Wongtrakoongate et al., 2007). A PCR test was developed targeting the gene of
one of these hypothetical proteins (BPSL 1958), and reported an accuracy of 100%. This
procedure needs further evaluation with B. mallei and additional B. pseudomallei and B.
thailandensis strains, due to a limited sample size. In another study, a new assay targeting the
BPSL 1958 hypothetical protein detected Bp/Bm, and had 100% accuracy for both pathogens

(Koh et al., 2012). Therefore, this PCR assay may detect Bp/Bm rather than B. pseudomallei.

A PCR and TagMan qPCR method was developed that targeted the aspartyl/asparaginyl -
hydroxylase gene (/pxO) for the specific detection of B. pseudomallei (Merritt et al., 2006).
However, the [pxO TaqMan test was later described to detect Bp/Bm (Inglis et al., 2008). The
IpxO PCR had a sensitivity and specificity of 88.9% (64/72) and 100%, respectively, and the

IpxO qPCR had 100% accuracy.

Two follow-up studies evaluated Merritt et al's [pxO qPCR assay. One follow-up study adapted
the qPCR for portable lab use and evaluated its ability to identify B. pseudomallei using purified
DNA and soil sample suspensions (Inglis et al., 2008). The procedure was again reported to have
100% accuracy (A. Merritt, personal communication). In addition, the portable method detected
B. pseudomallei in three of five direct soil suspensions from rice and rubber farms, but gPCR

environmental accuracy cannot be determined because the soil samples were not culture-
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confirmed. Overall, the assay shows potential for portable detection of B. pseudomallei, but
needs further evaluation for clinical and environmental use. The second follow-up study
erroneously reported an /pxO qPCR sensitivity of 100% and a specificity of 87.8% (Kaestli et al.,
2012). Kaestli et al believed the /pxO test to detect and differentiate B. pseudomallei. However,
the /pxO qPCR actually detects Bp/Bm, therefore the assay sensitivity and specificity is 97.7%
and 100%, respectively. This sensitivity is attributed to the assay's inability to detect 9/23 B.
mallei strains. The same follow-up study was clinically evaluated on melioidosis patients, and
had a test clinical sensitivity of 76% (30/50) and specificity of 100%. The same clinical samples
were evaluated with six other assays, and the /pxO qPCR test was the third most clinically
accurate for melioidosis detection. This procedure should not be used for B. mallei detection, but
may be useful for B. pseudomallei detection on purified DNA and bacterial lysates. Although the
IpxO qPCR method was the third most clinically accurate, this method should be supplemented

with additional assays to confirm diagnosis.

Two TagMan qPCR tests targeting TTS1 and transposase family protein (TFP) detected and
differentiated B. pseudomallei and B. mallei, respectively, and had 100% qPCR accuracy (Zhang
et al., 2012). The assays were also evaluated using clinical samples that were about 50 years old
from patients with melioidosis or glanders. The tests had 100% patient accuracy. Not all of the
clinical samples were culture confirmed, but overwhelming evidence suggests the samples were
from melioidosis or glanders patients. These methods appear useful on purified DNA and clinical

samples.

Three TagMan qPCR procedures were developed for the differentiation of B. pseudomallei, B.
mallei, and three other CDC select agents (Rachwal et al., 2012). Two assays specifically detect

B. pseudomallei and B. mallei while another detects Bp/Bm. The tests were evaluated in
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singleplex reactions and then adapted onto a novel TagMan Array card. The B. pseudomallei-
specific method detected all B. pseudomallei replicates and had a qPCR accuracy of 100%.
However, the B. mallei-specific assay had a sensitivity of 89.3% (25/28 replicates) and a
specificity of 100%. The Bp/Bm reaction had an accuracy of 100%. When the procedures were
adapted for TagMan array card use, the sensitivities decreased but the specificities remained at
100%. If these tests are used, it is recommended that all three methods in the singleplex format
should be used on purified DNA instead of the TagMan array card format. Additional bacterial
strains, including B. thailandensis, should be evaluated by all three tests, and further evaluation

of these assays for clinical and environmental use is needed.

For actual differentiation of B. pseudomallei and B. mallei, BurkDiff (Bowers et al., 2010)
appears to be the best method for use with purified DNA. The test requires evaluation for clinical
use. Purified DNA and clinical samples could also be used in Zhang et al's assay. Although the
P27 SNP procedure (U'Ren et al., 2005) had false positives for B. oklahomensis and B.
thailandensis-like strains, it could potentially be used in a clinical setting for melioidosis or

glanders diagnosis.

For detection of Bp/Bm, the fliC and 16s rRNA methods (Tomaso et al., 2004; Tomaso et al.,
2005) seemed to work well on purified DNA and crude bacterial lysates. The clinical use of the
fliC procedure appeared useful, but the limited clinical sample size used mandates further
evaluation with larger number of samples. Although the 16s rRNA assay patient sensitivity was
low, the test had sensitivity beyond culture and detected all fatal cases of melioidosis. If sample
processing methods are improved, the 16s rRNA assay may be a reliable method for diagnosis of
septicemic cases. Kunakorn and Markham's 16-23s ITS non-nested assay appears useful on

purified DNA, bacterial lysates, and clinical samples. However, further evaluation of the assay is
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needed due to the small clinical sample sizes used in the follow-up studies. An assay
recommendation cannot be made for environmental samples because the existing studies, with
the exception of one, were not evaluated for environmental use. The single environmental
follow-up study of Merritt et al's [pxO assay did not compare test results with culture (Inglis et

al., 2008), therefore the assay's potential environmental use is unknown.

B. pseudomallei & B. thailandensis

B. pseudomallei and B. thailandensis co-localize in the environment and produce similar results
using routine diagnostic tests. Because they differ greatly in pathogenicity, the ability to

differentiate these two species would be clinically useful.

Flagellar structural protein

A PCR assay, targeting a variable domain of f/iC, was developed to differentiate B. pseudomallei
and B. thailandensis, and had 100% accuracy (Wajanarogana et al., 1999). Differentiation of the
species is determined by product size (191 bp or 179 bp), which is not easily distinguishable by
gel electrophoresis. Therefore, Wajanarogana et al recommended an 8% acrylamide gel to

increase size resolution.

Two studies used modified forward or reverse primers from Wajanarogana et al's method
(Sonthayanon et al., 2002; Kao et al., 2003). Therefore, these studies could be considered novel
assays, but due to the similarities of the primers they are best classified as follow-up studies. One
follow-up study of Wajanarogana et al's method reported 100% accuracy (Sonthayanon et al.,
2002). Two follow-up studies evaluated the method's ability to be used on environmental
samples (Chen et al., 2002; Sonthayanon et al., 2002). The f/iC assay reported 100% sensitivity
on environmental samples for both studies, and also co-detected B. pseudomallei and B.
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thailandensis inoculated soil samples in one study (Sonthayanon et al., 2002). The follow-up
studies provided from Sonthayanon et al and Chen et al had environmental specificities of 100%

on inoculated soil samples and 0% (7/7) on collected soil samples.

Wajanarogana et al's fIiC test has been shown to be useful for differentiation of B. pseudomallei
and B. thailandensis on purified DNA and bacterial lysates, but the test needs further evaluation
with B. mallei strains and clinical samples. The same environmental samples from Chen et al's
follow-up study were evaluated with additional PCR methods (Dharakul et al., 1999; Winstanley
and Hart, 2000), and false positives were found (Chen et al., 2002). Wajanarogana et al's fIiC
assay may have sensitivity beyond culture for soil samples, and therefore, the test may have
higher environmental specificities than previously reported. Wajanarogana et al's procedure is
also recommended for differentiation of B. pseudomallei and B. thailandensis in environmental
samples. Chen et al recommends the f/iC method with the possible addition of another PCR
method (Dharakul et al., 1999) for detection of B. pseudomallei in soil samples. In fact, two
epidemiological studies used Wajanarogana et al's and Dharakul et al's assays and reported that
PCR was usually inferior to serology, but superior to culture in detecting B. pseudomallei in soil
samples (Su et al., 2007; Chen et al., 2010). Chen et al's epidemiological study revealed 53 soil
samples that were confirmed positive by Wajanarogana et al's and Dharakul et al's tests, but were
negative by culture, indicating PCR sensitivity beyond culture (Chen et al., 2010). These results
indicate Wajanrogana et al's test to be accurate, and likely a better indication than culture of the

presence of B. pseudomallei in soil.

Single nucleotide polymorphism
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Two TagMan duplex qPCR assays, 122018 and 266152, were developed to differentiate B.
pseudomallei and a complex comprising B. thailandensis, B. thailandensis-like species, and B.
oklahomensis (Bt/Btl/Bo), by targeting a SNP (Price et al., 2012). Overall, 122018 produced a
sensitivity of 100% and a specificity of 98.4%, due to six false positives detected by the B.
pseudomallei specific probe. An ambiguous detection of one B. pseudomallei strain was
generated by 266152, and therefore provided a qPCR accuracy approaching 100%. In a follow-
up study, 266152 and six other assays were evaluated for their abilities to detect B. pseudomallei
using purified DNA and clinical samples (Kaestli et al., 2012). A test accuracy of 100% and a
clinical sensitivity and specificity of 68% (34/50) and 100%, respectively, were produced by
266152. Consequently, 266152 and another test tie in rank for being second to last in clinical
accuracy. It appears evident that 266152 should not be used for melioidosis diagnosis. However,
266152 may be useful for the detection of B. pseudomallei in purified DNA, due to the assay’s
accuracy approaching 100%. The 122018 method had a higher sensitivity than 266152, and

therefore, 122018 could help supplement the sensitivity of 266152.

Both the f7iC and SNP procedures are reliable methods for differentiation of B. pseudomallei and
B. thailandensis in purified DNA. The fliC assay's specificity has not been as heavily evaluated
as that of the SNP tests on purified DNA, but the f/iC test has sensitivity beyond culture for the

detection of B. pseudomallei in soil samples.

B. pseudomallei, B. mallei, & B. thailandensis

The genotypic and phenotypic similarities of the B. pseudomallei complex have fueled the

creation of several assays aimed at differentiating these species.

16s rRNA

56



A multiplex nested PCR method, targeting a 16s rRNA variable region, was developed to
differentiate Bp/Bm and B. thailandensis. This assay had 100% accuracy (Dharakul et al., 1999).
The procedure was also evaluated for clinical use on buffy coat samples, and reported 100%

clinical and patient accuracy.

In a follow-up study, Dharakul et al's assay was used to further validate a suspected B.
thailandensis strain (Winstanley and Hart, 2000). An additional follow-up study evaluated the
test's ability to distinguish these organisms in environmental samples, and reported 100%
environmental accuracy on inoculated soil samples (Chen et al., 2002). However, collected soil
samples had an environmental PCR sensitivity and specificity of 100% and 0% (2/2),

respectively.

Dharakul et al's procedure appears useful for differentiation of Bp/Bm and B. thailandensis using
purified DNA and clinical buffy coat samples. In addition, the conclusion for environmental use
of Wajanarogana et al's fIiC procedure as previously described, can also be made about Dharakul

et al's 16s rRNA assay, despite the different studies and data provided.

Repetitive element

A PCR study which targeted a repetitive element had 100% accuracy (Liu et al., 2002) in
differentiating species within the B. pseudomallei complex. The PCR products ranged from 400-
700 bp for B. mallei and B. pseudomallei strains, while B. thailandensis strains had a uniform
402 bp product. The product size overlaps make differentiation between the species difficult.
However, differentiation of Bp/Bm and B. thailandensis may be possible if a highly resolving gel

1s used.

Flagellin structural protein
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A PCR-RFLP targeting fliC was developed for detecting Bp/Bm and B. thailandensis, and the
method had 100% accuracy (Sprague et al., 2002). Use of restriction enzymes is not necessary to
differentiate Bp/Bm from B. thailandensis if a highly resolving gel is used (H. Neubauer,
personal communication). This test was used in another study to confirm Bp/Bm strains

(Schmoock et al., 2009).

A nested PCR assay was developed that detects and differentiates the B. pseudomallei complex
and Burkholderia genus by targeting fIiC and rpsU 21, respectively (Hagen et al., 2002). Two of
the four f7iC primers used in this study were previously used by Sprague et al. The fliC procedure
had 100% accuracy. In addition, the assay had a diagnostic sensitivity and specificity of 85.7%
(6/7 spleens) and 100%, respectively, on inoculated mouse samples. Sequencing data from the
false negative spleen isolate identified the organism as B. plantarii. Therefore, this PCR has
100% clinical accuracy. The bacteria from the spleen were uncultivable, indicating PCR
sensitivity beyond culture. This method may be useful for B. pseudomallei detection on crude
bacterial lysates and clinical samples, however only one strain from each species was tested, and

therefore additional strains should be evaluated by this assay.

Tat domain, 70-kDa, and 12-kDa proteins

A multiplex PCR assay was developed to differentiate B. pseudomallei, B. thailandensis, and the
B. cepacia complex by respectively targeting the genes of the Tat domain, 70-kDa, and 12-kDa
proteins (Ho et al., 2011). The assay had 100% accuracy for B. pseudomallei or B. thailandensis
using purified DNA. The procedure also had a clinical accuracy of 100% for a single B.
pseudomallei and B. thailandensis inoculated sputum sample (P. Woo, personal communication).

In addition, the assay was evaluated for its ability to be used on environmental samples, and the
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test was able to detect and co-detect B. pseudomallei and the B. cepacia complex with 100%
accuracy based on sequencing results. The assay was not evaluated with B. mallei strains, but
one study indicated B. mallei detection (Koh et al., 2012). Therefore, this method may actually
differentiate Bp/Bm, B. thailandensis, and the B. cepacia complex. The test appears useful when
used on purified DNA, clinical, and environmental samples. However the procedure needs
further evaluation for B. pseudomallei detection in clinical use, due to the study’s evaluation of

only inoculated sputum samples.

From the assays described above, a recommendation cannot be made because the existing studies
are unable to specifically detect and differentiate all species of the B. pseudomallei complex.

Therefore, the usefulness of a specific test is dependent on the user’s needs.

Indirect Differentiation Assays

Indirect assays usually involve at least one primer set that is species-specific and additional
primers to detect a complex of species. When the primers are combined, a unique amplification

profile is created that indirectly identifies a species within the complex.

B. pseudomallei & B. mallei

23s rRNA

A PCR assay targeting a 23s rRNA SNP was developed with one procedure detecting Bp/Bm and
the other detecting B. mallei. Both tests had 100% accuracy (Bauernfeind et al., 1998). In a
follow-up study, the B. mallei assay was evaluated and confirmed to have 100% sensitivity.
However, the follow-up study recommended the procedure be used only on purified DNA

(Antonov et al., 2004). While these methods may be useful on purified DNA, additional bacterial
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strains including B. thailandensis should be evaluated and the clinical potential of these assays

should also be examined.

Tkachenko et al's two 23s rRNA-targeted tests, as previously described, were used as
components of a novel nested PCR assay to increase detection sensitivity of Bp/Bm (Antonov et
al., 2004). Nested and non-nested procedures were evaluated and only three tests reported 100%
accuracy. Two of these assays are non-nested methods that detect Bp/Bm, B23 s5-a6 and B23 s7-
a8, and the other assay is a nested procedure that detects B. mallei. One of the primer sets used in
the nested B. mallei test has reported false positive detection for B. pseudomallei and B. cepacia
strains, and therefore may not be useful for specific B. mallei detection. These non-nested tests
also had 100% accuracy on inoculated environmental and clinical samples. A follow-up study of
Antonov et al's B23 s5-a6 test reported an accuracy approaching 100% (Altukhova et al., 2007).
Only the two non-nested procedures, B23 s5-a6 and B23 s7-a8, should be used for detection of

Bp/Bm in purified DNA, environmental and clinical samples.

An assay by Bauernfeind et al appeared useful for indirect detection and differentiation of B.
pseudomallei and B. mallei on purified DNA. Although a follow-up study did not recommend
Bauernfeind et al's assays for clinical use, not enough data was reported to evaluate this claim,
and therefore additional clinical follow-up studies may be useful. Tkachenko et al's assays are
not recommended for detection and differentiation of B. pseudomallei and B. mallei because of
the inaccuracies of the B. mallei assays. Consequently, the two non-nested procedures mentioned
previously would be more useful for Bp/Bm detection in purified DNA, environmental, and

clinical samples.
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One follow-up study evaluated various procedures for their ability to detect B. pseudomallei and
B. mallei in purified DNA, environmental and inoculated clinical samples (Antonov et al., 2008).
All of the assays evaluated had 100% accuracy on purified DNA and inoculated clinical samples,
with a detection limit of 10-10? genomic equivalents. PCR detected inoculated clinical samples
beyond culture. Environmental samples were also tested, but accuracies were not reported.
Although Antonov et al evaluated several PCR assays, very little detail was described on

methodology and results. Therefore, this study will not be discussed further.

B. pseudomallei, B. mallei, & B. thailandensis

Type three secretion

Eight genes from type three secretion gene clusters 1, 2, and 3 (TTS1, TTS2, TTS3) were
targeted for PCR development to differentiate the B. pseudomallei complex (Rainbow et al.,
2002). Two of these gene targets experienced amplification difficulties (orf4/orf5 and orfI-
bpscQ gap), and were modified for dot blot use (C. Winstanely, personal communication).
Therefore, only six gene targets will be discussed further. Three of the six targets were used for
B. pseudomallei identification, but only the orf11 and orf7 targeted tests had 100% accuracy. The
remaining three targets were used in assays to detect Bp/Bm and the B. pseudomallei complex,
and all three tests had 100% PCR accuracy. These assays need further evaluation using

additional species including B. mallei strains.

Using gene targets from the TTS1 and TTS2 as previously described (Rainbow et al., 2002),
three TagMan qPCR procedures were developed to differentiate the B. pseudomallei complex

(Thibault et al., 2004). The orf11 test specifically detected B. pseudomallei, the orf13 assay
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detected Bp/Bm, and the bpscU2 method detected the B. pseudomallei complex. All assays had

100% accuracy.

Two follow-up studies evaluated Thibault et al's orf11 test, and reported a sensitivity of 100%
and a specificity approaching 100%. The four false positives detected were one B. sordidicola,
one B. mallei (late Ct value), and two B. thailandensis strains (Tomaso et al., 2006; Kaestli et al.,
2012). In two follow-up studies, the orf11 method was evaluated for its ability to detect B.
pseudomallei in clinical samples. Both follow-up studies reported low diagnostic sensitivities of
46.4% (13/28) (Supaprom et al., 2007) and 70% (35/50) (Kaestli et al., 2012). In addition, both
follow-up studies had a diagnostic specificity approaching 100% (Supaprom et al., 2007; Kaestli
et al., 2012). Only two false positive clinical sample isolates were detected by the orf11 reaction,
and the same false positives were also identified by the 8653 and 9438 assays, as previously
described (Supaprom et al., 2007). Therefore the diagnostic specificity of the orf11 test is likely
to be 100%. In addition, two follow-up studies also evaluated Thibault et al's orf13 assay. One
follow-up study reported a sensitivity of 100% and a specificity of 97.6% (3/125), with the three
false positives being identified as B. caribensis, B. phenazinium, and B. thailandensis strains
(Tomaso et al., 2006). The second follow-up study evaluated the orf13 method using clinical
samples from three glanderous horses, and reported a patient sensitivity and specificity of 0%
(0/1) and 100%, respectively. However, the same follow up study detected B. mallei in all three
horses using their f/iP assay and a CFT (Scholz et al., 2006). Therefore the patient sensitivity of

the orf13 test would still remain 0% (0/3) with an unknown specificity.

Thibault et al's orf11 and orf13 assays showed great sensitivity, but their specificities were less
than 100%. If these tests are used, an additional B. pseudomallei-specific method should be

added when evaluating samples of purified DNA or crude bacterial lysates. The orf1/ and orf13
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methods also had a low clinical sensitivity, but the orf11 test had a clinical specificity of 100%.
The orf11 assay was evaluated with six other qPCR procedures for their abilities to be used on
purified DNA and clinical samples, and the orf11 procedure ranked fourth in clinical accuracy

(Kaestli et al., 2012). Therefore the orf11 and orf13 tests are not recommended for clinical use.

Repetitive element and serine metalloprotease

A multiplex PCR method was developed to differentiate the B. pseudomallei complex using
three primer sets (Lee et al., 2005). One primer set, targeting a 10 bp repetitive element (Liu et
al., 2002), was used to detect the B. pseudomallei complex. A second primer set was used to
detect B. thailandensis by targeting sequences within the B. pseudomallei complex amplicon.
The last primer set, targeting mprA, was used to detect B. pseudomallei/B. thailandensis. The
assay's accuracy was reported to be 100%, and direct PCR of overnight cultures was also
possible. In a follow-up study, Lee et al's procedure was evaluated for its ability to distinguish
these organisms in clinical specimens taken from three glanderous horses. The test had a 0%
clinical sensitivity (0/1) and 100% specificity (Scholz et al., 2006). In addition, the conclusions
from the fIiP assay and CFT, as previously described in a follow-up study of Thibault et al's
orfl3 procedure, also apply to Lee et al's assay. This method may be useful for purified DNA
and crude bacterial lysates only. Due to a limited sample size, its clinical usefulness remains

unknown.

Flagellar structural protein

Two PCR tests targeting f1iC were developed, with one assay detecting the B. pseudomallei
complex and the other detecting Bp/Bm (Altukhova et al., 2007). If used together, B.

thailandensis was indirectly differentiated from Bp/Bm, and both tests reported 100% accuracy.

63



Only the Bp/Bm procedure was evaluated for its use on clinical specimens from inoculated
hamsters. Clinical samples from the inoculated animals eliciting acute and sub-acute symptoms
of pulmonary melioidosis and glanders were processed using PCR, and PCR proved to be more
sensitive than culture. In addition, PCR predominantly detected pathogens in clinical specimens
from acute and sub-acute disease states faster than culture. This study also showed that certain
clinical samples were better suited for PCR detection. By day three, culture detected 100% of
only infected lung specimens, whereas PCR detected these same infected lung specimens, as
well as 40% of liver and spleen specimens on the same day. These assays were useful for the
detection of both pathogens, using purified DNA. The Bp/Bm assay's clinical sensitivity was low,
but PCR had better sensitivity than culture for both pathogens from inoculated hamster samples.
Therefore, it is recommended that this Bp/Bm test be combined with additional assays that have

proven clinically effective, for the detection of B. pseudomallei and B. mallei in clinical samples.

narK and gltB

A standard PCR and a six probe molecular beacon qPCR assay were developed to detect and
differentiate B. pseudomallei, B. mallei, and B. thailandensis/B. oklahomensis, targeting the narK
and g/tB genes (Wattiau et al., 2007). The standard PCR procedure detects all four species in a
complex, and the molecular beacon qPCR assay differentiates all four species. The standard PCR
method targeting narK reported 100% accuracy for B. pseudomallei complex detection. The
intention of the g/¢B target was to specifically detect the four Burkholderia species in a complex
(P. Wattiau, personal communication), while the conventional PCR test detected all
Burkholderia species except B. phenazinium. Therefore the gltB test had a sensitivity of 100%
and specificity of 12.5% (14/16). From these results, it appears g/¢B may be a useful

Burkholderia genus target. SNPs in the g/tB and narK genes were targeted for a qPCR molecular
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beacon procedure. Indirect qPCR differentiation was possible between B. pseudomallei, B.
mallei, and B. thailandensis/B. oklahomensis, and all molecular beacon probes had 100%
accuracy. The qPCR assay specificity needs further evaluation relative to both sample type and
sample size. In addition, B. oklahomensis was not tested in this study, but later evaluations
indicated that both methods detected B. oklahomensis strains (P. Wattiau, personal
communication). The six molecular beacon probes make B. pseudomallei complex detection
costly, and therefore this assay is not recommended for Burkholderia detection in purified DNA
samples. However the molecular beacon assay is able to detect three two-locus allelic profiles of
B. pseudomallei. In addition, the molecular beacon assay results from boiled cell suspensions

were comparable to those using purified DNA, and therefore this test may be useful clinically.

Additional targets

Six different genes were targeted in a microarray-based test to differentiate the B. pseudomallei
complex and other Burkholderia species (Schmoock et al., 2009). Although the assay is designed
for microarray detection, primers were developed for DNA amplification that could provide
possible PCR targets. Only two of the six genes specifically detected a single species (B. mallei)
and the remaining four primer sets detected a complex of Burkholderia species. All procedures

had 100% sensitivity and five of the six assays had 100% specificity.

Four genes were used to develop a multiplex PCR method to detect and differentiate the B.
pseudomallei and B. cepacia complex (Koh et al., 2012). The targets were designed to
specifically detect B. pseudomallei, Bp/Bm, the B. pseudomallei complex, and the B. cepacia
complex. The three tests associated with detection of the species from the B. pseudomallei

complex had 100% PCR accuracy.
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Bauernfeind et al's 23s rRNA-targeted assay appears useful for the indirect differentiation of B.
pseudomallei and B. mallei, but requires clinical evaluation. Liu et al's, Schmoock et al's, and
Koh et al's assays allow for indirect differentiation of all three species of the B. pseudomallei
complex, and appear useful for detection of these species in purified DNA. These three tests
require clinical evaluation, and Schmoock et al's assay requires additional B. pseudomallei

complex evaluation using purified DNA, because of a limited sample size.

Although Altukhova et al's fIiC assay has sensitivity beyond culture for B. pseudomallei- and B.
mallei- inoculated hamster samples, it was unable to differentiate all three species of the B.
pseudomallei complex. This test is the only indirect differentiation assay that has detection
capability for the agents of melioidosis and glanders. Wattiau et al's molecular beacon method
may be useful for B. pseudomallei detection in clinical samples, because of its ability to detect

three variants of B. pseudomallei, but the assay requires clinical evaluation.
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MATERIALS AND METHODS

Bacterial Isolates and Culture Conditions

The bacterial isolates used in this study (Table IX) were acquired from the American Type
Culture Collection (ATCC), the Culture Collection from University of Géteborg (CCUGQG), the
Centers for Disease Control (CDC), the Utah Department of Health (UDH), the Public Health
Laboratory Service (PHLS, London), the United States Army Medical Research Institute of
Infectious Diseases (USAMRIID), and the Royal Darwin Hospital. The isolates were grown on
Columbia agar (Remel, Lenexa, KS) at 28-37°C for 1-3 days prior to DNA extraction. A
genetically diverse panel of isolates was used in this study, which consist of human, animal, and

environmental samples originally isolated from 24 countries (Table VIII).

DNA Extraction

Total genomic DNA was extracted from each isolate by first suspending cells grown on
Columbia agar plates in 510 pL of Tris/EDTA buffer [10 mM Tris/HCI (pH 8.0), | mM EDTA]
(TE buffer) containing 1.8 pg/uL lysozyme, and incubating for 40 minutes at 37°C. To this
tube, 540 pL of bacterial lysis buffer and 100 uL of proteinase K were added and the tube was
incubated for 10 min at 65°C followed by an automated DNA extraction performed with a Roche
MagNA Pure LC system (Roche Diagnostics, Indianapolis, IN) using the Roche MagNA Pure
LC DNA Isolation Kit III as recommended by the manufacturer. DNAs were tested for sterility
and DNA concentrations were measured with a TBS-380 Fluorometer (Promega, Madison, WI)

using the Quant-iT PicoGreen dsDNA Assay Kit P11496 (Invitrogen, Carlsbad, CA).

Primer and Probe Design
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DNA sequences unique to B. mallei, B. pseudomallei, B. thailandensis, and the B. pseudomallei
complex were obtained from GenBank. Several genes were targeted for possible B.
pseudomallei complex detection. A region of bimA (Accession number NC 006349 REGION:
768235..769356 Locus tag= BMAAO0749), TFP (Accession number CP000548 REGION:
135,283-135,546), fliP (Accession number AM087437 REGION: 360-901), and a region of a
gene that encodes a 16.5 kDa hypothetical protein (Accession number

YP 001024199 REGION: 375855..376301 Locus tag=BMA10229 0375) were reported to be
unique to B. mallei (Holden et al., 2004; Scholz et al., 2006; Tomaso et al., 2006; Ulrich et al.,
2006a; Ulrich et al., 2006b). Orf11 (Accession number AF074878) was reported to be unique to
B. pseudomallei by Rainbow et al. (2002) and Thibault et al. (2004). A region of araA
(Accession number CP0O00085 REGION: 1912115..1913866) and a gene that encodes a 70 kDa
hypothetical protein (Accession CP000086 Locus tag=BTH_11515 REGION:
1714070...1716034) were reported to be unique to B. thailandensis (Moore et al., 2004; Ho et al.,
2011). fIiC (Accession numbers U82287, AF084815, AF081500) was reported to be unique to
the B. pseudomallei complex by Sprague et al. (2002) and Hagen et al. (2009). These regions
were used to design the primers and probes reported in this study. All primers and 5’-hydrolysis
dual-labeled probes (Table V), except for the f/iC dual-labeled probe, were designed using the
PrimerQuest algorithms from Integrated DNA Technologies
(http://www.idtdna.com/primerquest/Home/Index). The fIiC dual-labeled probe was designed by
comparing fliC gene sequences of the B. pseudomallei complex and B. vandii ATCC 51545.
Primer sequences were selected for proper GC content, optimal annealing temperatures, and lack
of hairpin structures. A thorough BLAST search and/or analysis of sequence alignments using

MEGA 5.2.2 (Tamura et al., 2011) were performed to ensure both primer and probe specificity
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and lack of homology with sequences from other organisms. Probes were fluorescently labeled

as follows: orf11 (B. pseudomallei) with FAM, 16.5 kDa (B. mallei) with CyS5, 70 kDa (B.

thailandensis) with Tex615, and fliC (B. pseudomallei complex) with Cy3.

Table V. Primer and Probe Sequences of the Quadruplex Assay

Target gene Primer/ Sequence (5° 2> 3°) Amplicon
(species) Probe Size (bp)
Orfl1 Forward AAC ACT GAC AAG TGG CCC TAT GGA 185
(B. pseudomallei)

Reverse TCC GAT CGG TTT CGA ATA ACG GGT

Probe FAM-ACG ATC TCC-ZEN-GAG AAC GCA CTG AAC A-

IBFQ

16.5 kDa Forward CGT TCG AGC TCA GCA ACCTCGTTA 85
(B. mallei)

Reverse AAG CGG TGA TGG ACC GCT GTA T

Probe Cy5- CAG TAT CCA GGT TTC ACC GCG CTC GAC-IBRQ
70 kDa Forward AAC CTG AGG CAA CGC AAG AAG AAG 99
(B. thailandensis)

Reverse TTT CTT CAC GCA TTC CCA ACC CTG

Probe Tex615-TCA AGG CGA GCT GTG CCG ACA ACA A/3I-

IBRQ

fliC Forward ACG GTC AAC AAT CTG CAG GCA A 143
(B. pseudomallei
complex)

Reverse GTT CGC GGT TTC CTG AGC AAA GTC

Probe Cy3-GGC TCG AAC AAC CTC GCG CAR G-IBRQ

IBFQ, Iowa Black FQ Quencher; IBRQ, Iowa Black RQ Quencher; ZEN, ZEN Internal Quencher

Sequencing the B. vandii fliC Amplicon

B. vandii ATCC 51545 purified DNA was used for PCR. For every reaction, a master mix of 25

uL was prepared using one GE Healthcare Hot Start Mix RTG Master Mix bead (GE Healthcare,

Broomfield, CO) and the following: 500 nM of each amplification primer (Table VI), 2 uL target

DNA, and PCR H,O to 25 pL. The mixtures were loaded into 0.2 ml PCR tubes, and PCR was

performed using a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). The

reaction mix was initially denatured at 95°C for 3 min followed by 30 cycles of 95°C for 15 sec,

61°C for 30 sec, 72°C for 1 min, and a final extension of 72°C for 5 min.
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PCR products were purified with the Exo-SAP IT (Affymetrix, Santa Clara, CA) using
manufacturer's recommendations. The purified PCR product received 500 nM of each
sequencing primer. Amplification primers were also used for sequencing. Sequencing was
performed with a BigDye Terminator version 3.1 cycle sequencing kit (Life Technologies,
Carlsbad, CA) as per manufacturer's recommendations. Sequencing products were purified with
a sephadex spin (GE Healthcare, Broomfield, CO) column and resolved with a 3730 DNA
Analyzer (Life Technologies, Carlsbad, CA). The amplicon was re-sequenced at least twice to

ensure sequence accuracy.
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Table VI. Primer Sequences and Annealing Temperatures Used for Sequencing fliC, 16s rDNA, and MLST loci

Gene Purpose Direction | Sequence (5' --->3") Annealing
temp

fliC Amplification/Sequencing | F CGG CTT CACGTT CACCGAYCAG

fliC Amplification/Sequencing | R GCA GGA GCTTCAGCACTTGCTG

fliC Sequencing F TCTGGATTTGCGATTGAGCCGAC

fliC Sequencing R AACGCAGCAAGCCAACGC

16s rDIl\IA Amplification F CGCAAGCGAAAGTATCAAGA

(F229)

16s ’IDNA | Amplification R TTTACAGCCGATAAGCGTGAG

(R1908)'

16s tDNA | Sequencing F TACGGGAGGCAGCAG

(F357)"

16s tDNA | Sequencing R CTGCTGCCTCCCGTA

(R357)"

16s tDNA | Sequencing F CAGCAGCCGCGGTAATAC

(F530)"

16s tDNA | Sequencing R GTATTACCGCGGCTGCTG

(R530)"

16s tDNA | Sequencing F ATTAGATACCCTGGTAG

(E790)"

16s tDNA | Sequencing R CTACCAGGGTATCTAAT

(R790)!

16s IDNA | Sequencing F GTCGTCAGCTCGTGTCGTGAG

(F1068)"

16s rDIl\IA Sequencing R GGGTTGCGCTCGTTGCGGG

(R981

16s rD)NA Amplification/Sequencing | F ACTCCTACGGGAGGCAGCAGT

(1035

16s rI;NA Amplification/Sequencing | F AGAGTTTGATCCTGGCTCAG

(F1)

16s TDNA | Amplification/Sequencing | R TACGGTTACCTTGTTACGACTT

(1036/R1)

atpD” Amplification F ATGAGTACTRCTGCTTTGGTAGAA | 56°C

GG

atpD’ Amplification R CGTGAAACGGTAGATGTTGTCG 56°C

atpD” Sequencing F GTTCATCTGGCCGTACAC

atpD’ Sequencing R AACTGACGCTCGAAGTCC

gyrB” Amplification F ACCGGTCTGCAYCACCTCGT 60°C

gyrB’ Amplification R YTCGTTGWARCTGTCGTTCCACTG | 60°C

C

gyrB’ Sequencing F ATCGTGATGACCGAGCTG

gyrB’ Sequencing R CGTTGTAGCTGTCGTTCC

lepA” Amplification F CTSATCATCGAYTCSTGGTTCG 55°C

lepA” Amplification R CGRTATTCCTTGAACTCGTARTCC 55°C

lepA” Sequencing F GGCATCAAGGAACTGACG

lepA® Sequencing R CTGCGGCATGTACAGGTT

recA’ Amplification F AGGACGATTCATGGAAGAWAGC 58°C

recA” Amplification R GACGCACYGAYGMRTAGAACTT 58°C

recA’ Sequencing F TGACCGCCGAGAAGAGCAA

recA’ Sequencing R GACCGAGTCGATGACGAT

" primers from Gee et al., 2003; ~ primers from Spilker et al., 2009
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qPCR Optimization

Important parameter variables such as the number of PCR cycles, cycle temperatures, and length
of annealing and replicating steps, were all optimized. Primers were first evaluated with SYBR
Green to optimize cycle temperatures and times. For every reaction, a master mix of 25 uLL was
prepared using one GE Healthcare Hot Start Mix RTG Master Mix bead (GE Healthcare,
Broomfield, CO) and the following: forward primer at 500 nM, reverse primer at 500 nM, 2 pL
target DNA, 1 uL SYBR Green at a 25x concentration and PCR H,O to 25 pL. The mixtures
were loaded into 25 pL Cepheid PCR tubes, and PCR was performed using a SmartCycler II
(Cepheid, Sunnyvale, CA). During the cycling phase, the annealing/extension temperature was
varied from 57°C to 65°C in single degree increments to maximize the reaction. The optimized
qPCR parameters for the bimA, TFP, fliP, and araA singleplex tests were 500 nM of each primer
and probe with an initial denaturation at 95°C for 150 s followed by 40 cycles of 95°C for 15 s
and 61°C for 60 s. The optimized protocol identified and used for the orf1 ] singleplex assay was
450 nM of each primer (Table V), 300 nM of probe with an initial denaturation at 95°C for 150 s
followed by 35 cycles of 95°C for 15 s, then 61°C for 45 s. The optimized procedure identified
and used for the 6.5 kDa singleplex assay was 350 nm of each primer, 225 nm of probe with an
initial denaturation at 95°C for 150 s followed by 40 cycles of 95°C for 15 s, then 61°C for 50 s.
The 70 kDa assay was optimized using 350 nm of each primer, 250 nm of probe with an initial
denaturation of 95°C for 150 s followed by 30 cycles of 95°C for 15 s, then 61°C for 50 s. The
optimized procedure identified and used for the f/iC assay was 275 nm of each primer, 225 nm of

probe with an initial denaturation of 95°C for 150 s followed by 35 cycles of 95°C for 15 s, then

61°C for 50 s. A sample was determined positive if it crossed a fluorescence threshold of 30 for

72



the orf11 assay before cycle 35. A sample was determined positive if it crossed a fluorescence

threshold of 15 for the 6.5 kDa, 70 kDa, and fIiC assay before cycle 40, 30, and 35, respectively.

Multiplexing the qPCR Assay

Once the single reaction conditions were optimized, the assay was multiplexed. For each
reaction, one master mix bead was added to a mixture of 200 nM of each primer and probe for
the orf11 test, 450 nM of each primer and 250 nM of probe for the 6.5 kDa protocol, 225 nM of
each primer and 200 nM of each probe for the 70 kDa test, and 350 nM of each primer and 225
nm of probe for the fliC assay. Two pl of target DNA and PCR-grade H,O were added for a total
reaction volume of 25 pL. Thermal cycling conditions were an initial denaturation at 95°C for
150 s followed by 35 cycles of 95°C for 15 s, then 61°C for 50 s. SmartCycler program
conditions were the same as the program defaults. A sample was determined to be positive if the
orfll, 6.5 kDa, 70 kDa, and fIiC tests crossed a fluorescence threshold of 30, 20, 15, and 25,
respectively before cycle 35 (a Cr value of less than 35). The Cepheid software allowed four
optics channels to be monitored in real-time simultaneously. DNA from near neighbors and no
template were used as negative controls. The optimized real-time protocol was evaluated using a
collection of 13 B. mallei isolates, 10 B. thailandensis isolates, 275 B. pseudomallei isolates, and

15 genetic near-neighbors (Table IX).

Validation of the Multiplex Assay

To verify the validity of the assay, isolates were identified using the Sherlock Microbial
Identification System (MIDI, Newark, DE). Cellular fatty acids were extracted, methylated, and

processed on a 6890N Network GC-System (Agilent Technologies, Santa Clara, CA), and the
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data analyzed using Sherlock, version 6.1 software. The GC-FAME profile was compared to the

Rapid Bioterrorism (RBTR3) library, and given a match and similarity index.

To further verify the validity of the assay and ensure the correct identification of B. mallei, B.
pseudomallei, and B. thailandensis, an adapted version of the assay developed by U'Ren et al.
(2005) and Thibault et al (2004) was used. The primer sequences employed were identical to
those reported by U'Ren et al. (2005), for detection and differentiation of B. mallei and B.
pseudomallei. U'Ren et al's duplex procedure was used by mixing one master mix bead, 375 nM
of each of the B. mallei and B. pseudomallei primers and probes, 2 puL of target DNA, and PCR-
grade H»O to 25 pL. The reactions were then run in the SmartCycler II with the following
cycling conditions: 95°C for 150 s followed by 40 cycles of 95°C for 15 s, then 60°C for 45 s.
Thibault et al's test was used to detect B. thailandensis by mixing one master mix bead, 500 nM
of each primer and 200 nm probes, 2 puL of target DNA, and PCR-grade H,O to 25 pL. The

reactions were then run in the SmartCycler II with the following cycling conditions: 95°C for

150 s followed by 35 cycles of 95°C for 20 s, then 56°C for 60 s.
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RESULTS

Sensitivity and Specificity Testing

Initial specificity of each primer was evaluated in separate qPCR tubes using SYBR Green to
detect amplification. The bimA, TFP, fliP, and araA primers had poor sensitivity and specificity
when tested against the bacterial isolates used in this study (Table IX). With the exception of the
fliC primers, the specific orfl1, 6.5 kDa, and 70 kDa primers yielded threshold amplification in
the presence of DNA for their respective Burkholderia species, while maintaining a level non-
amplification state when any other DNA was added. Consistent amplification of B. vandii was
observed using the f7iC assay. Sequencing results of the B. vandii fliC amplicon indicated genetic
similarities to the B. pseudomallei complex. However, a probe was developed to exclude B.
vandii while maintaining sensitivity of the B. pseudomallei complex (Fig. 1). Having established
that the primers (with the exception of the fliC primers) were highly specific to their respective
DNA targets, the SYBR Green was replaced with specific dual-labeled hydrolysis probes for B.
pseudomallei, B. mallei, B. thailandensis, and the B. pseudomallei complex. All isolates were
tested and signal thresholds were exceeded only when DNA for a specific species was present,
indicating target specificity. Of the 314 isolates examined in this study, only the B. mallei-
specific assay had 100% sensitivity and specificity (Table X). A total of three isolates affected
the sensitivity and specificity of the orf11, 70 kDa, and fliC assays. These three isolates were
purported B. pseudomallei strains with strain IDs of 34, 135, and Darwin-175, respectively.
Further characterization of these three isolates indicated they are not B. pseudomallei strains.
Refer to chapter II for a detailed explanation of these misclassified isolates. Briefly, B.
pseudomallei 34 is a B. thailandensis strain and was negative by the orfl [ assay, and positive by

the 70 kDa and fIiC assay. B. pseudomallei 135 is a B. ubonensis strain and was negative by all
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assays. B. pseudomallei Darwin-175 is an Elizabethkingia meningoseptica strain and was
negative by all assays. With these isolates thus reclassified, all assays developed in this study

were both 100% sensitive and specific.

20 40
| |
B. mallei (AF098793.1) NEGGTEAEER ATETcEAcGE BEEGETEGGE GEGGECEAAR AEBCETTEEE so
B.pseudomallei (BX571965.1) HEGGTEANEA ATETcEAGGE AAECETEGGE CEcCGECEANA AEEcCETTEAE so
B.thailandensis{AF081500.1} AEETcEAGGE HAEGETEGGE GEGGEGEAGE BAEEGETTEAE s0
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Figure 1. Sequence Alignment of the fliC Amplicon from the B. pseudomallei complex and B. vandii ATCC 51545,
and the Development of the fliC Assay Probe

Limit of Detection Testing

For each isolate, 10-fold serial dilutions were made of the purified genomic DNAs. For the
species-specific singleplex assays, the threshold detection limits were at least 288.2 fg (~37 GE)
for B. pseudomallei, 2.8 pg (439 GE) for B. mallei, and 257.9 pg (3.56x10* GE) for B.
thailandensis (Fig. 2). For the B. pseudomallei complex singleplex assay, the threshold
sensitivities were at least 2.9 pg (370 GE) for B. pseudomallei, 2.8 pg (439 GE) for B. mallei,
and 257.9 pg (3.56x10* GE) for B. thailandensis. For the quadruplex assay, the detection limits
of the species-specific targets were at least 28.8 pg (3.69x10° GE) for B. pseudomallei, 276.7 pg

(4.39x10* GE) for B. mallei, and 257.9 pg (3.56x10* GE) for B. thailandensis (Fig. 3). For the B.
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pseudomallei complex quadruplex test, the threshold detection limits were at least 2.9 pg (370
GE) for B. pseudomallei, 27.7 pg (4.39x10° GE) for B. mallei, and 25.8 pg (3.56x10° GE) for B.

thailandensis.
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Figure 2. Detection Limits of the Singleplex Assays. Standard curves derived from ten-fold serial dilutions of

purified genomic DNAs for species of the B. pseudomallei complex. A) orfl1 assay for B. pseudomallei, B) 6.5 kDa

assay for B. mallei, C) 70 kDa Assay for B. thailandensis, D) fliC assay for B. pseudomallei, E) fliC assay for B.

mallei, and F) fliC assay for B. thailandensis
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Figure 3 Detection Limits of the Quadruplex Assays. Standard curves derived from ten-fold serial dilutions of

purified genomic DNAs for species of the B. pseudomallei complex. A) orfl1 assay for B. pseudomallei, B) 6.5 kDa

assay for B. mallei, C) 70 kDa Assay for B. thailandensis, D) fliC assay for B. pseudomallei, E) fliC assay for B.

mallei, and F) fliC assay for B. thailandensis
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Confirmation of the Quadruplex Assay

GC-FAME analyses were performed on all isolates in this study. Results showed some ID
discrepancies. The GC-FAME RBTR3 library was unable to distinguish the fatty acid profiles of
B. pseudomallei and B. thailandensis. In addition, four B. pseudomallei Darwin isolates were
identified as B. mallei or B. cenocepacia/B. pyrocinnia/B. ambifaria (Table X). Two previously
published qPCR tests described by U'Ren et al. (2005) and Thibault et al (2004) were performed
on all isolates in order to confirm the results obtained by our qPCR assay. These previously
published tests agreed exactly with the quadruplex assay. U'Ren et al's duplex assay correctly
identified the B. pseudomallei and B. mallei isolates used in this study. The presumed B.
pseudomallei 34, 135, and Darwin 175 strains were also negative by U'Ren et al's assay. Thibault
et al's assay was positive for the B. thailandensis strains used in this study including B.

pseudomallei 34.
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DISCUSSION

Glanders and melioidosis are serious diseases with high mortality rates. The low infectious dose
and bioweapon potential of B. mallei and B. pseudomallei, necessitates the need for rapid and
accurate detection methods. Developing specific assays that reduce the diagnostic time, could

decrease morbidity and mortality rates in melioidosis- and glanders-endemic areas.

Although PCR-based procedures have revolutionized microbial detection due to their accuracy,
sensitivity, and speed, they do have limitations. The high sensitivity of PCR-based assays can
also be a drawback. False positives can arise from background contamination from external
sources of DNA, such as the "carry-over" products from earlier PCR runs (Fredricks and Relman
1999, Yang and Rothman 2004). Conversely, false negatives can occur due to inadequate
removal of PCR/qPCR inhibitors. PCR-based assays are usually designed around a well-
conserved gene. It is possible, especially in newly emerging pathogens, for mutations to occur in
the gene of interest, which can then compromise the test (Klein 2002). Restricting bacterial
detection to a single target is another limitation of PCR-based tests. These issues can be
overcome by developing multiplex procedures. Although PCR-based assays have the potential to
provide high-throughput, the limitations associated with possible gene mutations, false positives,
false negatives, sample processing, and the need to validate with other established assays, can

decrease the overall throughput of the entire PCR/qPCR process.

False positives have been discussed in previously published assays. However, some of these
assays have reported sensitivity beyond culture for clinical and environmental samples, that
correlates with serological, radiological, and/or additional PCR-based assays. Detection of non-

viable B. pseudomallei in clinical samples from confirmed melioidosis patients has also been

81



observed. Therefore, a positive result from some of the test methods discussed, may be a better
indication of the presence of Burkholderia species in clinical and environmental samples, than
culture. In addition, one study observed 45% of septicemic melioidosis patients exhibited less
than 1 CFU/mL of B. pseudomallei in their blood samples (Walsh et al., 1995), which reinforces
the need for sensitive testing methods such as PCR-based assays. Conversely, false negatives
have also been mentioned in this review. Instances of 100% clinical/environmental accuracy
have been reported by the tests previously described, but high repeatability of these accuracies
has not been observed in all follow-up studies. Sample processing methods, sample types, and
the collection of samples during antibiotic treatment have likely caused the variability in assay
accuracies. The PCR-based method is not the primary issue for false negatives, rather, lack of
optimization and normalization of sample processing methods is likely the reason. As a result of
false positives and negatives, PCR-based tests are often validated by other established

PCR/qPCR assays, which tends to decrease throughput.

The increasing affordability of sequencing technologies has increased databases containing
annotated genomes of Burkholderia species. These Burkholderia sequences may identify
variability or mutations within a conserved gene, which will likely aid in developing better B.
pseudomallei complex assays, by the use of degenerate primers, etc. Of the 72 published assays
discussed, mutations in the form of gene deletions have affected assay sensitivity in only two
studies. Ulrich et al's himA4 PCR assay was unable to detect two avirulent B. mallei strains.
Novak et al’s TTS1 test and its follow-up studies detected a total of 2,572 B. pseudomallei
strains, and had one false negative because of a reduced genome lacking some virulence loci.
The bimA procedure’s inability to detect avirulent B. mallei is not as vital as detecting virulent B.

mallei strains. From these limited examples, it appears mutations within PCR-targeted genes
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have not significantly compromised the reliability of PCR-based tests for B. pseudomallei
complex detection. It is widely accepted that B. mallei evolved as a strict pathogen from B.
pseudomallei (Godoy et al., 2003; Nierman et al., 2004). Despite the major evolutionary changes
between these two species, they continue to be identified as a complex in several PCR/qPCR
methods. Therefore, gene mutations within the already genetically similar B. pseudomallei

complex, may not drastically compromise the validity of PCR-based assays.

qPCR tests are able to resolve some of the limitations previously described because of the
versatility of the internal probe. These methods prevent the possible contamination of other
reactions by eliminating the need for any post-PCR product manipulation. The probe provides
additional specificity compared to methods that use only primers. The probe technology also
allows for simultaneous detection of multiple targets, which can overcome the problem of
potential gene mutations at a single locus. However, such assays are difficult to implement due
to the high degree of optimization that is required. Overall, qPCR assays are generally
considered to have a large dynamic range, low interassay variation, and high reliability (Purcell

et al., 2011).

Proper PCR-based assay development requires significant time, trained personnel, funding, and
equipment. Melioidosis endemic regions, especially rice-paddy communities and indigenous
tribes, may not have access to these resources. However, competition has reduced initial start-up
and operating costs of PCR/qPCR systems (Purcell et al., 2011). Although disadvantages of
PCR-based methods exist, alternative detection methods have their own disadvantages in that
they are usually slower and less accurate. These factors may contribute to the high mortality rates

of melioidosis in poorer endemic areas.
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The loop-mediated isothermal amplification (LAMP) technique is a potential cost-effective
alternative to PCR-based tests. The LAMP method shares similar characteristics to those of
qPCR. Without the need of thermocyclers, LAMP uses several primers to amplify specific
regions on the gene target and utilizes fluorescent dyes for visual interpretation by the naked eye.
One study reported the development of a LAMP assay for B. pseudomallei detection, and
showed it to be more reliable for clinical use than Novak et al’s robust orf2 TTS1 qPCR
procedure (Chantratita et al., 2008). Therefore, the LAMP method has potential to become an

effective diagnostic tool for B. pseudomallei complex detection.

The future of diagnostic testing is constantly shifting towards a molecular approach. Although
several PCR-based studies have reported possible sensitivities beyond culture for members of the
B. pseudomallei complex, PCR-based methodologies alone, with currently established
procedures, cannot be used with 100% confidence. Therefore, B. pseudomallei complex PCR-
based assays in their current state, should be complimented with culture and/or additional tests,

until more research proves otherwise.

As previously mentioned, optimal identification of the members of the B. pseudomallei complex
remains problematic, due to the difficulty in developing a sensitive, selective, and accurate test.
B. pseudomallei Darwin 146 was identified as B. cenocepacia/B. pyrocinnia/B. ambifaria, and B.
pseudomallei strains 177, 182, and 184, respectively were identified as B. mallei by GC-FAME
analysis. Inglis et al. reported a 98% (70/71) sensitivity for B. pseudomallei strains, and a
specificity of 83.3% (4/24) by GLC-FAME analysis. Inglis et al also illustrated that the PCR
method used had 100% accuracy. Therefore, PCR-based methodologies appear to be more
accurate than fatty acid analysis methods. The development of BCom is the first of its kind that
can detect and differentiate between B. pseudomallei, B. mallei, and B. thailandensis in a single
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tube format. This test has overcome several qPCR drawbacks related to sensitivity. The accuracy
of BCom detected the misclassification of B. pseudomallei 34, B. pseudomallei 135, and B.
pseudomallei Darwin 175. In addition, the assay was able to correctly confirm the identity of B.
pseudomallei Darwin strains 146, 177, 182, and 184, respectively when GC-FAME analysis was
unable to do so. It was reported that B. sordidicola CCUG 49583 and two B. thailandensis
strains were detected by Thibault et al's B. pseudomallei specific orf11 assay (Tomaso et al.,
2006). The orfl1 assay designed in this study was negative for the same B. sordidicola strain,
and was also negative for the eleven B. thailandensis strains tested in this study. The high
sensitivity of qPCR also proved to be beneficial during the development of the f/iC probe.
Although each fIiC primer differed from the B. vandii sequence by two nucleotides,
amplification was observed in this species. The added sensitivity of the internal probe made it
possible to exclude B. vandii while maintaining positive detection to the species in the B.
pseudomallei complex. In addition, incorporating two genes to detect and differentiate the B.
pseudomallei complex maintains the validity of the assay in case of potential mutations. BCom
results agreed with those of previously published tests, and also produced faster results
(completion of the assay in about an hour) because of its single-tube format design. For these
reasons, this assay could prove to be a rapid, sensitive, and economical tool in the detection and

differentiation of the B. pseudomallei complex.
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INTRODUCTION

During the validation of the Bcom assay, a small number of purported B. pseudomallei isolates
produced atypical results. These isolates were: B. pseudomallei PHLS 34, B. pseudomallei PHLS

135, and B. pseudomallei Darwin 175 (Table X).

B. pseudomallei 34 tested positive by the B. thailandensis- and B. pseudomallei complex-specific
assays. B. pseudomallei 135 and B. pseudomallei Darwin 175 tested negative by all targets used

in the Bcom assay.

B. pseudomallei 34 was a chicken stool sample from France and B. pseudomallei Darwin 175
was a human sputum sample from Northern Australia. No information was available for the B.

pseudomallei 135 isolate.

The aim of this study was to understand why these three purported B. pseudomallei isolates

produced these results when subjected to the Bcom assay.
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MATERIALS AND METHODS

Arabinose Assimilation

Isolates were plated on a minimal agar medium supplemented with 0.2% (w/v) L-arabinose
(Sigma Aldrich, St. Louis, USA) (Trakulsomboon et al., 1999). As a control, these same isolates
are also plated on minimal agar medium supplemented with 0.2% (w/v) of glucose (J.T. Baker,
Phillipsburg, NJ). Results are recorded after a 48 hr incubation period at 37°C. Isolates that grew
on both media assimilate arabinose (Ara"), and isolates that grew only on the glucose
supplemented medium do not assimilate arabinose (Ara’). The isolates plated were tested twice

for arabinose assimilation.

Ashdown and Burkholderia pseudomallei Selective Medium

Isolates were plated on selective Burkholderia Ashdown agar (Ashdown, 1979b). On this
medium, B. pseudomallei colonies are usually rough, wrinkled, and purple after 24 to 48 hr of
incubation at 37°C. Burkholderia pseudomallei Selective medium (BPSA) has been reported to
be another B. pseudomallei selective medium that improves recovery of the more easily inhibited
strains of B. pseudomallei (Howard and Inglis, 2003), but has also been known to be less
selective than Ashdown medium (Peacock et al., 2005). On BPSA, B. pseudomallei colonies are
often mucoid after 24 to 48 hr of incubation at 37°C. Bacterial isolates evaluated were plated on

both media, and growth was observed after a 48 hr incubation period.

16s rDNA Amplification

Initial 16s rDNA sequencing for Burkholderia species was performed using primers previously

described by Gee et al. (2003). For every reaction, a master mix of 25 uL was prepared using one
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GE Healthcare Hot Start Mix RTG Master Mix bead (GE Healthcare, Broomfield, CO) and the
following: 500 nM of each amplification primer (Table VI), 2 uL target DNA, and PCR H,O to
25 pL. The mixture was then loaded into 0.2 ml PCR tubes, and PCR was performed using a
GeneAmp PCR System 9700 (Applied Biosystems, Carlsbad, CA). The reaction mix was
initially denatured at 95°C for 2 min followed by 30 cycles of 94°C for 30 sec, 60°C for 30 sec,

72°C for 1 min, and a final extension of 72°C for 3 min.

16s tDNA sequencing was also performed using 16s rDNA primers targeting the 16s rDNA of
bacterial species. For every reaction, a master mix of 25 pL was prepared using one GE
Healthcare Hot Start Mix RTG Master Mix bead (GE Healthcare, Broomfield, CO) and the
following: 500 nM of each amplification primer (Table VI), 2 uL target DNA, and PCR H,O to
25 pL. The mixture was then loaded into 0.2 ml PCR tubes, and PCR was performed using a
GeneAmp PCR System 9700 (Applied Biosystems, Carlsbad, CA). The reaction mix was
initially denatured at 95°C for 5 min followed by 30 cycles of 94°C for 15 sec, 58°C for 30 sec,

72°C for 1 min, and a final extension of 72°C for 5 min.

MLST

Amplification and sequencing primers targeting atpD, gyrB, lepA, and recA genes were used in
this study (Spilker et al., 2009) when 16s rDNA sequence results did not provide a definitive
species identification. For every reaction, a master mix of 25 uLL was prepared using one GE
Healthcare Hot Start Mix RTG Master Mix bead (GE Healthcare, Broomfield, CO) and the
following: 500 nM of each amplification primer (Table VI), 2 uL target DNA, and PCR H,O to
25 pL. The mixture was then loaded into 0.2 ml PCR tubes, and PCR was performed using a

GeneAmp PCR System 9700 (Applied Biosystems, Carlsbad, CA). The cycle parameters were

88



previously described by Spilker et al. (2009). Briefly, the reaction mix was initially denatured at
95°C for 2 min followed by 30 cycles of 94°C for 30 sec, the listed annealing temperature for 30

sec (Table VI), 72°C for 1 min, and a final extension of 72°C for 5 min.

16s rDNA and Multiple Loci Sequencing

Refer back to chapter I of Sequencing the B. vandii fliC Amplicon in Materials and Methods
Section (pg. 69). The 16s rDNA and multiple loci were re-sequenced at least two times to ensure
sequencing accuracy.

Analysis of Gene Sequences

The software used for compiling and analyzing sequence data and generating phylogenetic trees
was MEGA 5.2.2 (Tamura et al., 2011). The 16s rDNA sequences were entered into the RDP
(rdp.cme.msu.edu) and Greengenes (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) 16s TDNA
databases. Concatenated multiple loci sequences were entered into the B. cepacia complex
MLST database (http://pubmlst.org/bce) to identify the Burkholderia species. The software
jModelTest (Posada and Crandall, 1998) was used to determine best-fit models of nucleotide

substitution for the creation of phylogenetic trees in this study.

GC-FAME Analysis

Refer back to the first pargraph of Confirmation of the Quadruplex Assay in Materials and
Methods section of Chapter I (pg. 73). The GC-FAME profile was compared to the Rapid

Clinical Bacteria (RCLING) library, and given a match and similarity index.

Melibiose and Cellobiose Fermentation Tests
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Select isolates were subjected to melibiose and cellobiose fermentation tests for further
characterization. A 1.0% (w/v) solution of melibiose or cellobiose was added to phenol red broth
base (Sigma, St. Louis, MO). An inoculum was transferred to a sterile tube of phenol red
melibiose or cellobiose broth and was incubated at 37°C for 24 hr. A color change from red to
yellow within 24 hr is considered positive for melibiose or cellobiose fermentation. A solution
that remains red, red-orange, or changes to a magenta color within 24 hr is negative for melibiose

or cellobiose fermentation (Wilson, 2012).

Urease Test

Select isolates were tested for urease activity by inoculation into Urea Broth (BD Difco, Franklin
Lakes, NJ) and incubation at 37°C for 24 to 48 hr. If urea is hydrolyzed by the organism, a bright
pink color is observed. The urease test is negative if the solution remains orange-yellow in

appearance.

MacConkey Agar

Growth characteristics of select isolates on MacConkey agar (BD Difco, Franklin Lakes, NJ)

were determined by plating and incubation up to 96 hr at 28°C.

Arginine Decarboxylase Test

Moeller Decarboxylase broth with Arginine base (BD Difco Franklin Lakes, NJ), was inoculated
with select isolates and protected from air with a layer of sterile mineral oil. If the organism
ferments dextrose, the pH of the medium decreases and the initial color of the indicator changes
to yellow after a 24 hr incubation at 37°C. If the organism decarboxylates arginine, amines are

produced which increase the pH of the solution, changing the color indicator from yellow to
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purple after an additional 24 hr incubation at 37°C. Failure to change the color indicator from
yellow to purple after a 48 hr incubation period indicates a negative test for arginine
decarboxylase. A positive test is confirmed when the color indicator changes from yellow to

purple after a 48 hr incubation period.
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RESULTS

Arabinose Assimilation

As previously described, a major phenotypic difference between B. thailandensis and B.
pseudomallei is ability of B. thailandensis to assimilate arabinose as a sole carbon source. Both

B. pseudomallei 34 and B. pseudomallei 135 assimilated arabinose (Fig. 4).

Figure 4. Arabinose Assimilation Test. A) B. pseudomallei 34, B) B. pseudomallei 135, C) B. pseudomallei Darwin
175, D) B. thailandensis E264 (positive control), and E) B. pseudomallei K96243 (negative control)

Ashdown and BPSA

With the exception of B. pseudomallei Darwin 175 on Ashdown medium, all of the isolates grew
well on both Ashdown Agar and BPSA (Fig. 5 & 6). All three isolates exhibited different colony
morphologies from the B. pseudomallei K96243 control strain. On Ashdown medium, both B.

pseudomallei 34 and B. thailandensis E264 had rough, wrinkled, and purple pigmented colonies.
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Figure 5. Bacterial Colony Morphologies on Ashdown Agar. A) B. pseudomallei 34, B) B. pseudomallei 135, C) B.
pseudomallei Darwin 175, D) B. thailandensis E264, and E) B. pseudomallei K96243

Figure 6. Bacterial Colony Morphologies on BPSA. A) B. pseudomallei 34, B) B. pseudomallei 135, C) B.
pseudomallei Darwin 175, D) B. thailandensis E264, and E) B. pseudomallei K96243

16s rDNA Sequencing

Primers (Table VI) previously described by Gee et al., were used to amplify the three purported
B. pseudomallei strains. Interestingly, the 16s rDNA of B. pseudomallei Darwin 175 did not

amplify, and therefore appeared not to be a species of Burkholderia. The 16s tDNA of B.
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pseudomallei Darwin 175 was successfully amplified using another set of 16s rDNA

amplification primers designed to amplify the 16s rDNA of bacteria (Table VI).

Phylogenetic analysis showed that B. pseudomallei 34 was actually B. thailandensis 82172
(Accession No. DQ388536) (Fig. 7). The RDP and the Greengenes databases were unable to
confidently confirm the species of B. pseudomallei 135. RDP did not display a high level of
discrimination with the sequence of B. pseudomallei 135, having the same match as four
different Burkholderia species (Fig. 8). Better sequence comparisons were observed from the
Greengenes database, with the highest SIM index of 88.03828 belonging to B. ubonensis (Fig.
9). Although 16s rDNA comparisons were better by Greengenes, no exact sequence match was
found. Therefore, it appeared that B. pseudomallei 135 was an unknown Burkholderia species.
Results showed that B. pseudomallei Darwin 175 was either Elizabethkingia meningoseptica or
E. anopheles. With the exception of E. anopheles 5.20, consensus sequences of E.

meningoseptica and E. anopheles appear to differ by only a single nucleotide (Fig. 10).

B. pseudomallei 34

49 | B thailandensis 82172 (DQ386536.1)
B.thailandensis 2002721121 (DQ388535.1)
E8 'B.thailandensis 2003015869(DQ388537.1)
B thailandensis Bt4 (NZ ABBH01000320.1)

B. thailandensis (U91838.1)

B thailandensis E264 (CP000085.1)

B3

57

— B. mallei 23344 (NR 074299.2)
1001B. pseudomallei K96243 (NR 074340)

B. thailandensis CIP 106301 (EU024174)
B. thailandensis CIP 106302 (EU024173)

ﬂ,—ﬂ. species A-11 (ABT09945)
B. species B0 (JN9T75202)

94 B.cenocepacia LMG 16656 (AF148556)
B9 I_— B.ubonensis GTC-P3-415 (AB030584)

0002

Figure 7. Phylogenetic Tree based on the 16s rDNA Sequences of B. pseudomallei 34, B. pseudomallei K96243, B.
mallei 23344, and from Sequences from RDP and Greengenes Databases. The evolutionary history was inferred
using the Maximum-Likelihood method based on the Tamura-Nei Gamma and Invariant substitution model. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are
shown next to the branches. Evolutionary analyses were conducted in MEGA 5.2.2 (Tamura et al., 2011)
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Figure 8. Comparison of B. pseudomallei 135's 16s rDNA Sequence to the RDP Database. The highest seqmatch
(S_ab) scores (highlighted in color) indicate a low level of species discrimination for B. pseudomallei 135. S_ab
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Burkhaolderia sp. MSMB40 (EF114414)

B. species MSMB1 (EF114405_1)

B. species MSMB2 (EF114406.1)

B. pseudomallei 135
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Figure 9. Phylogenetic Tree generated from 16s rDNA sequences of B. pseudomallei 135, B. pseudomallei K96243,
B. mallei 23344, and from Sequences with the Highest SIM index from the Greengenes Database. The evolutionary

history was inferred using the Maximum-Likelihood method based on the Tamura-Nei gamma and invariant

distribution model. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap

test (1000 replicates) are shown next to the branches. Evolutionary analyses were conducted in MEGA 5.2.2

(Tamura et al., 2011)
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B. pseudomallei Darwin 175 GTTTGETEET GGETHEGGHT cEEBGETHEGE GGGHGGEETH

E. anophelis 5.33 (EF426430.1) GETTGEATERT ccETBBEcGAT cEABGETHGE cccHccEETA

E. anophelis 7.28 (EF426432.1) GTTTGETERT GGETEEGGAT GGGHGGEETA

E. anophelis 8.26 (EF426434.1) GTTTGETEET GGETEAGGAT GGGHAGGEETH

E. anophelis 5.20 (EF426427.1) GETTGATEET ccETHAGGAT GGGHGGHEETA

E. meningoseptica AOD131-1B (HM056771.1) GETTGETEET ccBTEEGGAT GGGHAGGHEETH
E. meningoseptica AOD131-2B (HM056770.1) GETTGETEET ccETEEGGAT GGGHGGEETH
E. meningoseptica AOD135-1B (HM056772.1) GETTGETEET GGETEEGGAT GEBEGETEGE GGGHAGGHETA
E. meningoseptica AOD135-2B (HM056773.1) GETTGEATEET cGETEEGGAT GABREGETEGE GGGAGGHETA

Figure 10. Aligned 16s tDNA Sequences of Elizabethkingia species and B. pseudomallei Darwin 175. Consensus
16s rDNA sequences of E. meningoseptica and E. anophelis differ by only a single nucleotide (position 9)

MLST

MLST of atpD, gyrB, lepA, and recA was conducted to better resolve the sequence differences of
B. pseudomallei 135. All of the Burkholderia sequences from the pubMLST database were
compared to the sequences of B. pseudomallei 135 (Fig. 11). The atpD, gyrB, and recA
sequences of B. pseudomallei 135 were genetically similar to the allelic profile of B. ubonensis
MSMB 056. B. pseudomallei 135's lepA sequence was genetically similar to B. ubonensis
MSMB 1396. However, B. pseudomallei 135's sequences differed from one to seven nucleotides
from both of these B. ubonensis allelic profiles. A jModel test was performed on concatenated
sequences, and was compared with the allelic sequences from the pubMLSTdatabase (Fig. 11).
Phylogenetic analysis comparing concatenated sequences of B. pseudomallei 135 and selected
Burkholderia strains from each species from the PubMLST database also illustrated that B.

pseudomallei 135 is most genetically similar to B. ubonesis (Fig. 12).

GC-FAME Analysis

GC-FAME results for B. pseudomallei Darwin 175 produced a match for Elizabethkingia

meningoseptica with a SIM index 0.695.
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Figure 11. Graphical Representation of the Number of Burkholderia species from PubMLST Database that were

Compared Against B. pseudomallei 135's atpD, gyrB, lepA, and recA Sequence
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Figure 12. Phylogenetic Tree Created from Concatenated Nucleotide Sequences of atpD, gyrB, lepA, and recA
Loci. Selected Burkholderia strains from each species from the PubMLST database were analyzed as part of this
study. The PubMLST ID was included along with the species and isolate name. The evolutionary history was
inferred using the Maximum-Likelihood method. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches. Evolutionary analyses were
conducted in MEGA 5.2.2 (Tamura et al., 2011)
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Melibiose and Cellobiose Fermentation

To determine if B. pseudomallei Darwin 175 is E. meningoseptica or E. anopheles, a melibiose
and cellobiose fermentation test was performed. It is reported that of the two species, only E.
meningoseptica is able to ferment melibiose (Kampfer et al., 2011). The results of the test

showed that B. pseudomallei Darwin 175 did not ferment melibiose (Fig. 13).

It was reported that most E. meningoseptica strains did not ferment cellobiose (Bernardet et al.,
2006), and weak cellobiose fermentation was observed by E. anopheles. Evidence of cellobiose

fermentation was absent by B. pseudomallei Darwin 175 (Fig. 14).

Figure 13. Results of Melibiose Fermentation Test used to Characterize B. pseudomallei Darwin 175. A) Media
control, B) B. pseudomallei K96243 (negative control), C) E. coli ATCC 11229, D & E) B. pseudomallei Darwin
175

Figure 14. Results of Cellobiose Fermentation Test used to Characterize B. pseudomallei Darwin 175. A) Media
control, B) B. pseudomallei K96243 (negative control), C) B. subtilis ATCC 6051, D & E) B. pseudomallei Darwin
175
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Urease Test

The conflicting melibiose and cellobiose fermentation results of B. pseudomallei Darwin 175
prompted additional biochemical tests to confirm the identity of this isolate. Bernardet et al.
reported that most E. meningoseptica strains did not hydrolyze urea, and E. anopheles is also
known to not hydrolyze urea (Kampfer et al., 2011). B. pseudomallei Darwin 175 was tested to
determine if it could be one of the few E. meningoseptica strains that have urease activity. It was

observed that B. pseudomallei Darwin 175 did not hydrolyze urea (Fig. 15).

Figure 15. Results of an Urease Test used to Characterize B. pseudomallei Darwin 175. A) Media control, B) B.
pseudomallei K96243 (negative control), C) B. melitensis ATCC 23456, D & E) B. pseudomallei Darwin 175

MacConkey Agar

Some strains of E. meningoseptica are able to grow on MacConkey agar at 28°C while E.
anopheles is unable to grow under these conditions (Kim et al., 2005; Kampfer et al., 2011). B.
pseudomallei Darwin 175 was tested to determine if it could be one of the few E. meningoseptica
strains that grow on MacConkey agar. B. pseudomallei Darwin 175 did not grow under these

conditions, even after a 72 hr incubation (not pictured).

Arginine Decarboxvlase Test
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B. ubonensis is biochemically differentiated among the Burkholderia species by its unique ability
to decarboxylate arginine (Vanlaere et al., 2008). Therefore the arginine decarboxylase test was
performed with B. pseudomallei 135, suspected of being a B. ubonensis strain. After a 24 hr
incubation period, an initial change in the medium to a yellow color was not observed. However,
the medium did change from its initial color to a deeper purple color after a 24 and 48 hr
incubation period. It is known that Burkholderia species do not ferment dextrose (Coenye et al.,
2001) which explains why the initial medium did not change color to yellow within 24 hr. A
color change in the medium after 48 hours was apparent, relative to the negative controls (Fig.
16). Therefore based on these biochemical results, it appears that B. pseudomallei 135 could be a

strain of B. ubonensis.

Figure 16. Results of a 48 hr Incubation of an Arginine Decarboxylase Test to Characterize B. pseudomallei 135. A)
Media control, B) B. cepacia ATCC 25416 (negative control), C) B. ubonensis ABCPW 8 (positive control), D & E)
B. pseudomallei 135
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DISCUSSION

Table VII provides a summary of the results of the various methods used to identify the isolates
known as B. pseudomallei 34, B. pseudomallei 135, and B. pseudomallei Darwin 175. As
previously described, a major phenotypic difference between B. thailandensis and B.
pseudomallei is the ability of B. thailandensis to assimilate arabinose as a sole carbon source.
Both B. pseudomallei 34 and B. pseudomallei 135 assimilated arabinose. This biochemical test
indicates that these two strains are not B. pseudomallei. B. pseudomallei Darwin 175 grew well
on BPSA, but did not grow well on the more Burkholderia-selective Ashdown medium.
Therefore it is likely that B. pseudomallei Darwin 175 is not a Burkholderia species. The control
B. thailandensis strain grew well on Ashdown medium and had a similar colony morphology to
that of B. pseudomallei 34. None of the isolates plated on Ashdown medium had a similar colony
morphology with B. pseudomallei, indicating that B. pseudomallei 34, 135, and Darwin 175 may

not be B. pseudomallei isolates.

The 16s rDNA sequencing of these three isolates produced variable results. B. pseudomallei 34
was determined to be B. thailandensis 82172 (Accession No. DQ388536), which agrees with the
qPCR and biochemical results. Information in the 16s rDNA databases was unable to effectively
resolve the identity of B. pseudomallei 135, but was able to definitively identify it as a
Burkholderia species. MLST identified B. pseudomallei 135 as B. ubonensis. B. pseudomallei
135 was positive for arginine decarboxylation, indicating that it correlates biochemically to B.
ubonensis strains. The sequences of the four loci of B. pseudomallei 135 differed from 1-7
nucleotides from the two closest allelic profiles of B. ubonensis MSMB 056 and B. ubonensis
MSMB 1396. From these results, it is proposed that B. pseudomallei 135 be designated a new

strain of B. ubonensis (B. ubonensis 135). Comparison of the 16s rDNA sequences of B.
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pseudomallei Darwin 175 with the 16s rtDNA databases had an exact match with the consensus
sequences of E. meningoseptica. Only one nucleotide differs between the 16s rDNA consensus
sequences of E. meningoseptica and E. anophelis. It has been observed that E. anophelis 5.20 has
an exact 16s rDNA match with E. meningoseptica strains. E. anophelis 5.20 appears to be an
anomaly, and should possibly be reclassified as an E. meningoseptica strain. The 16s rDNA
sequences of four E. meningoseptica strains (Accession Numbers HM056770.1, HM056770.1,
HMO056772.1, and HM056773.1) were identical with B. pseudomallei Darwin 175. An E.
meningoseptica strain was not designated for B. pseudomallei Darwin 175 because the 16s rDNA
sequences from the RDP and Greengenes database were identical (Fig. 10). Biochemical
differences have been reported to differentiate E. meningoseptica and E. anopheles (Kim et al.,
2005; Bernardet et al., 2006; Kampfer et al., 2011). The biochemical tests used to identify B.
pseudomallei Darwin 175 were inconclusive. The melibiose test that was proposed to
differentiate between E. anopheles and E. meningoseptica was only tested with one isolate of .
meningoseptica and E. anopheles. Therefore, it may not be a definitive test to differentiate
between these two species. GC-FAME analysis of B. pseudomallei Darwin 175 using RCLIN6
library provided a match of the only Elizabethkingia species in the library; E. meningoseptica
with a SIM index of 0.695. Although E. anophelis 5.20, E. meningoseptica strains, and B.
pseudomallei Darwin 175 share identical 16s sequences, E. anophelis is found in the midgut of
mosquitoes (Kampfer et al., 2011) while E. meningoseptica is known to infect
immunocompromised individuals (Tuon et al., 2007). B. pseudomallei Darwin 175 is a clinical
hospital strain, and is therefore likely to be E. meningoseptica. The anomalies discussed for
detection and differentiation of E. meningoseptica and E. anopheles are largely due to lack of

studies of these two species. Furthermore, E. anopheles was recently proposed as a new species
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in 2011 (Kampfer et al., 2011), and therefore studies have not provided extensive information on

this species. From the further characterization of these strains, it is likely that the Bcom assay is

both 100% sensitive and specific. Interestingly, the high accuracy of the Bcom assay made it

possible to detect and re-categorize these three misclassified strains, in the which we have

proposed to be the following: B. pseudomallei 34 is B. thailandensis 82172 (Accession No.

DQ388536), B. pseudomallei 135 is likely a novel B. ubonensis strain, which we will designate

as strain 135, and B. pseudomallei Darwin 175 is likely a strain of E. meningoseptica.

Table VII. Summary of Results of the Misclassified Burkholderia Strains. GN, gram negative; Bp, B.
pseudomallei; Bm, B. mallei; Bt, B. thailandensis; Bs, B. species; Bu, B. ubonensis, Em, E.
meningoseptica;, Ea, E. anopheles

Test Results Bp 34 Bp 135 Bp Darwin Em’ Ea’

175

Gram Stain GN GN Bacilli GN Bacilli GN Bacilli GN

Bacilli Bacilli

Orfl1 gPCR - - -
6.5 kDa qPCR
70 kDa qPCR
fliC qPCR
U'Ren et al., (2005) - - -
qPCR
Thibault et al., (2004) + - -
qPCR
GC-FAME (RTBR3 Bp Bm (0.217) No matches
SIM Index) (0.825) found
Arabinose + = =
Assimilation
Ashdown Agar + + + (weak)
BPSA A 1 +
16s rDNA Sequencing Bt 82172 Bs (possibly Em or Ea
Bu)
MLST Bu
GC-FAME (RCLIN6 Em (0.695)
SIM Index)
Melibiose - + -
Fermentation
Cellobiose

+ 4+
1
1

Fermentation - - (varies) + (weak)

Urea Hydrolysis - - (most varieties) -
MacConkey 28°C - + (varies) -
Arginine - + =
Decarboxylase
*Information retrieved from Kwang et al., (2005), Bernhardet et al., (2006), Kampfer et al., (2011)
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Table VIII. Number and Origin of Burkholderia Complex Strains used in this Study

Species
B. mallei

B. thailandensis

B. pseudomallei

Country of Origin Source No. of Isolates
China Animal 1
China Human 1
Hungary Animal 1
Hungary Unknown 1
India Animal 2
India Unknown 1
Turkey Human 2
Turkey Unknown 1
United Kingdom Unknown 1
Unknown Animal 1
Unknown Unknown 1

5 (Total) 13 (Total)
Thailand Environmental 9
Unknown Unknown 1

1 (Total) 1 10 (Total)
Australia Animal 54
Australia Environmental 32
Australia Human 121*
Bangladesh Human 1
Ecuador Human 1
Fiji Human 1
France Animal 2%
France Environmental 1
Holland Human 3
Indonesia Animal 3
Italy Human 1
Kenya Environmental 1
Kenya Human 1
Madagascar Environmental 1
Malaysia Human 5
Pakistan Human 1
Papua New Guinea Human 1
Philippines Animal 2
Singapore Environmental 1
Singapore Human 4
Sweden Human 1
Thailand Environmental 1
Thailand Human 13
Thailand Unknown 1%
United Kingdom Human 8
United Kingdom Unknown 1
United States Human 2
Venezuela Unknown 1
Vietnam Human 1
Unknown Animal 1
Unknown Human 1
Unknown Unknown 8

21 (Total) 276 (Total)

*An isolate from this category is misclassified
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Table IX. List of isolates used in this Study

Species

. mallei
. mallei
. mallei
. mallei
mallei
mallei
mallei
mallei
mallei
mallei

. mallei
. mallei

Do W m D W

. mallei

. thailandensis
. thailandensis

. thailandensis
. thailandensis
. thailandensis
. thailandensis
. thailandensis
. thailandensis

. thailandensis

=~I~ I~ SN VI~ VI~ Vs Vs VR e Vi o

. thailandensis

B. pseudomallei
B. pseudomallei

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

Isolate Number

Turkey #1
85-503
86-567-2
120
3708
3709
10229
10247
10248
10260
10399
15310
23344

E27

E96

E125
E135
E254
E255
E263
E264
E275
E286

34%
35
36

Source

CDC

CDC

CDC

NCTC
NCTC
NCTC
NCTC
NCTC
NCTC
NCTC
ATCC
ATCC
ATCC

ucC
uc
ucC
uc
NCTC
ucC
uc
ucC
ucC
uc

PHLS

PHLS
PHLS

PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS

Species

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

Isolate Number

Darwin-059
Darwin-060
Darwin-061
Darwin-062
Darwin-063
Darwin-064
Darwin-065
Darwin-066
Darwin-067
Darwin-068
Darwin-069
Darwin-070
Darwin-071
Darwin-072
Darwin-073
Darwin-074
Darwin-075
Darwin-076
Darwin-077
Darwin-078
Darwin-079
Darwin-080
Darwin-081
Darwin-082
Darwin-083
Darwin-084
Darwin-085
Darwin-086
Darwin-087
Darwin-088
Darwin-089
Darwin-090
Darwin-091
Darwin-092
Darwin-093
Darwin-094
Darwin-095
Darwin-096
Darwin-097
Darwin-098
Darwin-099
Darwin-100

Source
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
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B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

38
39
40
43
44
45
46
47
53
66
67
68
71
72
73
75
79
83
84
85
91
92
104
110
111
112
126
135%
208
211
216
392
2889
3477
3584
3783
3811
3871
4045
4075
4151
4152
98/SID2953
98/SID3292
99/SID4349

PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS
PHLS

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

Darwin-101
Darwin-102
Darwin-103
Darwin-104
Darwin-105
Darwin-106
Darwin-107
Darwin-108
Darwin-109
Darwin-110
Darwin-111
Darwin-112
Darwin-113
Darwin-114
Darwin-115
Darwin-116
Darwin-117
Darwin-118
Darwin-119
Darwin-120
Darwin-121
Darwin-122
Darwin-123
Darwin-124
Darwin-125
Darwin-126
Darwin-127
Darwin-128
Darwin-129
Darwin-130
Darwin-131
Darwin-132
Darwin-133
Darwin-134
Darwin-135
Darwin-136
Darwin-137
Darwin-138
Darwin-139
Darwin-140
Darwin-141
Darwin-142
Darwin-143
Darwin-144
Darwin-145

DH

DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
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B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

13178
K96243
11668
15682
23343
G9313
G9709
H929
H1406B
H1442
H1689
KC872
80800117
81300007
Darwin-001
Darwin-002
Darwin-003
Darwin-004
Darwin-005
Darwin-006
Darwin-007
Darwin-008
Darwin-009
Darwin-010
Darwin-011
Darwin-012
Darwin-013
Darwin-014
Darwin-015
Darwin-016
Darwin-017
Darwin-018
Darwin-019
Darwin-020
Darwin-021
Darwin-022
Darwin-023
Darwin-024
Darwin-025
Darwin-026
Darwin-027
Darwin-028
Darwin-029
Darwin-030
Darwin-031

NCTC
NCTC
ATCC
ATCC
ATCC
CDC
CDC
CDC
CDC
CDC
CDC
CDC
UDH
UDH
DH

DH
DH

DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

Darwin-146
Darwin-147
Darwin-148
Darwin-149
Darwin-150
Darwin-151
Darwin-152
Darwin-153
Darwin-154
Darwin-155
Darwin-156
Darwin-157
Darwin-158
Darwin-159
Darwin-160
Darwin-161
Darwin-162
Darwin-163
Darwin-164
Darwin-165
Darwin-166
Darwin-167
Darwin-168
Darwin-169
Darwin-170
Darwin-171
Darwin-172
Darwin-173
Darwin-174
Darwin-175%*
Darwin-176
Darwin-177
Darwin-178
Darwin-179
Darwin-180
Darwin-181
Darwin-182
Darwin-183
Darwin-184
Darwin-185
Darwin-186
Darwin-187
Darwin-188
Darwin-189
Darwin-190

DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
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B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

Darwin-032
Darwin-033
Darwin-034
Darwin-035
Darwin-036
Darwin-037
Darwin-038
Darwin-039
Darwin-040
Darwin-041
Darwin-042
Darwin-043
Darwin-044
Darwin-045
Darwin-046
Darwin-047
Darwin-048
Darwin-049
Darwin-050
Darwin-051
Darwin-052
Darwin-053
Darwin-054
Darwin-055
Darwin-056
Darwin-057
Darwin-058

DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH
DH

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

. ambifaria

. andropogonis
. cepacia

. cepacia

. gladioli

. glathei

. graminis
multivorans
. pyrrocinia

. sordidicola
. vandii

=~~~ I~ VI~ VI~ VI~ VI~ VIR~ I~ I~ I

. vietnamiensis

P. aeruginosa
R. solancearum

S. maltophilia

Darwin-191
Darwin-192
Darwin-193
Darwin-194
Darwin-195
Darwin-196
Darwin-197
Darwin-198
Darwin-199
Darwin-200

BAA-244
23061
10856
25416
10248
29196
700544
BAA-247
15958
49583
51545
BAA-248

15442

11696
13637

DH
DH
DH
DH
DH
DH
DH
DH
DH
DH

ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
CCUG
ATCC
ATCC

ATCC

ATCC
ATCC

ATCC American Type Culture Collection

UC University of Calgary
*Misclassified Bacterial isolates

PHLS Public Health Laboratory Service
UDH Utah Department of Health

CCUG Culture Collection, University of Géteborg
CDC Centers for Disease Control and Prevention DH Royal Darwin Hospital
NCTC National Collection of Type Cultures
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Table X. Assay Results

Isolate

. mallei Turkey #1
. mallei 85-503

. mallei 86-567-2

. mallei 120

. mallei 3708

. mallei 3709

. mallei 10229

. mallei 10247

. mallei 10248

. mallei 10260
. mallei 10399
. mallei 15310

. mallei 23344

>SN ~VAN =V~ VI~ VR e B~ S e I~ VI S VR I R e

. thailandensis E27
. thailandensis E96

= I~ IR~ VI~ VIR~ VIR~ VI~ VN~ VR~ S

. thailandensis E125
. thailandensis E135
. thailandensis E254
. thailandensis E255
. thailandensis E263
. thailandensis E264
. thailandensis E275
. thailandensis E286

B. pseudomallei 5

B. pseudomallei 6

B. pseudomallei 8

B. pseudomallei 9

B. pseudomallei 14
B. pseudomallei 16
B. pseudomallei 17
B. pseudomallei 18
B. pseudomallei 19
B. pseudomallei 20
B. pseudomallei 24
B. pseudomallei 25
B. pseudomallei 31
B. pseudomallei 33

GC-FAME
(RBTR3)

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

U'Ren
et al.,
(2005)
qPCR

Bm
Bm
Bm
Bm
Bm
Bm
Bm
Bm

Bm
Bm
Bm

Bm
Bm

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

Thibault
et al.,
(2004)
qPCR

NT
NT
NT
NT
NT
NT
NT
NT

NT
NT
NT

NT
NT

+ o+ + o+ o+ o+ +

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

Orfl1
(Bp)

+ + + + o+ o+ o+ A+

16.5
kDa
(Bm)

o+t o+ o+ o+ +

70 kDa
(Bt)

+ o+ + o+ o+ o+

fliC
(Bp
Complex)

+ o+ + o+ o+ o+ + T I T T e e s

+ 4+ + o+ o+ o+ o+ o+ +
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B. pseudomallei 34*
B. pseudomallei 35
B. pseudomallei 36
B. pseudomallei 38
B. pseudomallei 39
B. pseudomallei 40
B. pseudomallei 43
B. pseudomallei 44
B. pseudomallei 45
B. pseudomallei 46
B. pseudomallei 47
B. pseudomallei 53
B. pseudomallei 66
B. pseudomallei 67
B. pseudomallei 68
B. pseudomallei 71
B. pseudomallei 72
B. pseudomallei 73
B. pseudomallei 75
B. pseudomallei 79
B. pseudomallei 83
B. pseudomallei 84
B. pseudomallei 85
B. pseudomallei 91
B. pseudomallei 92
B. pseudomallei 104
B. pseudomallei 110
B. pseudomallei 111
B. pseudomallei 112
B. pseudomallei 126
B. pseudomallei 135*
B. pseudomallei 208
B. pseudomallei 211
B. pseudomallei 216
B. pseudomallei 392
B. pseudomallei 2889
B. pseudomallei 3477
B. pseudomallei 3584
B. pseudomallei 3783
B. pseudomallei 3811
B. pseudomallei 3871
B. pseudomallei 4045
B. pseudomallei 4075
B. pseudomallei 4151
B. pseudomallei 4152

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bm
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

e T o i e S e s s S S R S S

+ 4+ + + o+ o+ o+ o+ o+ A+

T S T T T T e T T S i e S S S S S S S R SRS

+ + + + o+ o+ o+ A+
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B. pseudomallei 98/S1D2953
B. pseudomallei 98/S1D3292
B. pseudomallei 99/S1D4349
B. pseudomallei 13178

B. pseudomallei

K96243

B. pseudomallei 11668
B. pseudomallei 15682
B. pseudomallei 23343

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

B. pseudomallei

G9313
G9709
H929
H1406B
H1442
H1689
KC872

B. pseudomallei 80800117
B. pseudomallei 81300007

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

Darwin-001
Darwin-002
Darwin-003
Darwin-004
Darwin-005
Darwin-006
Darwin-007
Darwin-008
Darwin-009
Darwin-010
Darwin-011
Darwin-012
Darwin-013
Darwin-014
Darwin-015
Darwin-016
Darwin-017
Darwin-018
Darwin-019
Darwin-020
Darwin-021
Darwin-022
Darwin-023
Darwin-024
Darwin-025
Darwin-026
Darwin-027
Darwin-028

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

I S S i T T e S S S e o S S S S S S e e S e S S

I S e T e S T S S S S T T T e i T e S S S S e S S R S S

112



B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei

Darwin-029
Darwin-030
Darwin-031
Darwin-032
Darwin-033

B. pseudomallei Darwin-034

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
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B. pseudomallei
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B. pseudomallei

B. pseudomallei

B. pseudomallei
175%

B. pseudomallei
B. pseudomallei
B. pseudomallei
B. pseudomallei
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B. pseudomallei
B. pseudomallei
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Darwin-165
Darwin-166
Darwin-167
Darwin-168
Darwin-169
Darwin-170
Darwin-171
Darwin-172
Darwin-173
Darwin-174
Darwin-

Darwin-176
Darwin-177
Darwin-178
Darwin-179
Darwin-180
Darwin-181
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Darwin-183
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Darwin-186
Darwin-187
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Darwin-191
Darwin-192
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Darwin-195
Darwin-196
Darwin-197
Darwin-198
Darwin-199
Darwin-200

B. ambifaria BAA-244
B. andropogonis 23061

B. cepacia 10856
B. cepacia 25416
B. gladioli 10248
B. glathei 29196

B. graminis 700544

Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
No Matches
found

Bp
Bm
Bp
Bp
Bp
Bp
Bm
Bp
Bm
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
Bp
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NT
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Bp
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NT

+ 4+ + + o+ o+ o+
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B. multivorans BAA-247 NT - NT - -
B. pyrrocina 15958 NT - NT - -
B. sordidicola 49583 NT - NT - -
B. vandii 51545 NT - NT - -
B. vietnamiensis BAA-248 NT - NT - -
P. aeruginosa 15442 NT - NT - -
R. solancearum 11696 NT - NT - -
S. maltophilia 13637 NT - NT - -

* Misclassified Bacterial isolates; NT, Not tested
Bp, B. pseudomallei; Bm, B. mallei; Bc, B. cenocepacia; Bpy, B. pyrocinnia; Ba, B. ambifaria
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