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Short Title: Penicillin binding proteins and Burkholderia pseudomallei 28 

 29 

Abstract  30 

Background.  31 

Burkholderia pseudomallei causes melioidosis.  Sequence typing this pathogen can reveal geographical 32 

origin and uncover epidemiological associations.  Here, we describe B. pseudomallei genes encoding 33 

putative penicillin binding proteins (PBPs) and investigate their utility for determining phylogeography 34 

and differentiating closely related species.  35 

Methodology & Principal Findings.   36 

We performed in silico analysis to characterize 10 PBP homologs in B. pseudomallei 1026b.  As PBP 37 

active site mutations can confer β-lactam resistance in Gram-negative bacteria, PBP sequences in two 38 

resistant B. pseudomallei strains were examined for similar alterations.  Sequence alignments revealed 39 

single amino acid polymorphisms (SAAPs) unique to the multidrug resistant strain Bp1651 in the 40 

transpeptidase domains of two PBPs, but not directly within the active sites.  Using BLASTn analyses of 41 

complete assembled genomes in the NCBI database, we determined genes encoding PBPs were 42 

conserved among B. pseudomallei (n=101) and Burkholderia mallei (n=26) strains.  Within these genes, 43 

single nucleotide polymorphisms (SNPs) useful for predicting geographic origin of B. pseudomallei 44 

were uncovered. SNPs unique to B. mallei were also identified.  Based on 11 SNPs identified in two 45 

genes encoding predicted PBP-3s, a dual-locus sequence typing (DLST) scheme was developed.  The 46 

robustness of this typing scheme was assessed using 1,523 RefSeq genomes from B. pseudomallei 47 

(n=1,442) and B. mallei (n=81) strains, resulting in 32 sequence types (STs).  Compared to multi-locus 48 

sequence typing (MLST), the DLST scheme demonstrated less resolution to support the continental 49 

separation of Australian B. pseudomallei strains.  However, several STs were unique to strains 50 

originating from a specific country or region.  The phylogeography of Western Hemisphere B. 51 
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pseudomallei strains was more highly resolved by DLST compared to internal transcribed spacer (ITS) 52 

typing, and all B. mallei strains formed a single ST.  53 

Significance.   54 

Conserved genes encoding PBPs in B. pseudomallei are useful for strain typing, can enhance predictions 55 

of geographic origin, and differentiate strains of closely related Burkholderia species. 56 

 57 

Author Summary  58 

Burkholderia pseudomallei causes the life-threatening disease melioidosis and is considered a biological 59 

threat and select agent by the United States government.  This soil-dwelling bacterium is commonly 60 

found in regions of southeast Asia and northern Australia, but it is also detected in other tropical and 61 

sub-tropical areas around the world.  With a predicted global burden of 165,000 annual cases and 62 

mortality rate that can exceed 40% without prompt and appropriate antibiotic treatment, understanding 63 

the epidemiology of melioidosis and mechanisms of antibiotic resistance in B. pseudomallei can benefit 64 

public health and safety.  Recently, we identified ten conserved genes encoding putative penicillin 65 

binding proteins (PBPs) in B. pseudomallei.  Here, we examined B. pseudomallei PBP sequences for 66 

amino acid mutations that may contribute to β-lactam resistance.  We also uncovered nucleotide 67 

mutations with utility to predict the geographical origin of B. pseudomallei strains and to differentiate 68 

closely related Burkholderia species.  Based on 11 informative single nucleotide polymorphisms in two 69 

genes each encoding a PBP-3, we developed a simple, targeted dual-locus typing approach. 70 

 71 

 72 

 73 
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Introduction 74 

 Melioidosis is an emerging but neglected infectious disease caused by the environmental Gram-75 

negative bacterium Burkholderia pseudomallei. This soil- and surface water-dwelling microorganism is 76 

commonly found in tropical and subtropical regions of Southeast Asia and northern Australia, but also 77 

reported in other regions of the Western Hemisphere (WH) [1, 2].  In August 2021, the US Centers for 78 

Disease Control and Prevention issued a Health Alert describing a multistate (GA, KS, MN, TX) 79 

investigation of non-travel associated melioidosis in four patients [3]. Naturally-acquired melioidosis 80 

infections can occur in humans and a wide range of other animals as a result of percutaneous 81 

inoculation, inhalation, or ingestion of B. pseudomallei [4].  In 2016, a global modeling study predicted 82 

that ~165,000 human melioidosis cases occur annually, and an estimated 89,000 result in death [1].  83 

Infrequent laboratory diagnosis and clinical recognition due to unfamiliarity with the disease and the 84 

intrinsic resistance of B. pseudomallei to numerous antibiotics can cause delays in treatment leading to 85 

poor patient outcomes and mortality rates of up to 50% [5, 6].  B. pseudomallei is also among a small 86 

group of high-consequence pathogens and toxins regulated in the US in which their misuse could pose a 87 

serious threat to public health and safety [7].  88 

 Clinically relevant β-lactams used to treat human melioidosis include the cephalosporin 89 

ceftazidime, the carbapenems meropenem and imipenem, and the β-lactam/ β-lactam inhibitor 90 

combination drug amoxicillin-clavulanic acid [8].  Mechanisms of resistance to these antibiotics have 91 

been described in B. pseudomallei and involve inactivation of β-lactams as well as modification of β-92 

lactam targets.  Mutations in penA, or its promoter region that results in overexpression of a β-93 

lactamase, confers resistance to ceftazidime, imipenem, and amoxicillin-clavulanic acid [9-11].  For 94 

instance, B. pseudomallei isolated from a melioidosis patient in Thailand who succumbed to infection, 95 

developed resistance in vivo during ceftazidime treatment due to a PenA mutation (Pro167Ser) [12].  96 

Acquired resistance to ceftazidime was also reported due to a reversible gene duplication and 97 
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amplification event of the genomic region containing penA [13].  Understanding and rapidly identifying 98 

the mechanisms that contribute to β-lactam resistance in B. pseudomallei could inform treatment 99 

strategies and improve melioidosis patient outcomes.  100 

Penicillin binding proteins (PBPs) are involved in the final stages of cell wall peptidoglycan 101 

synthesis and are conserved among bacteria, with several usually found per species.  These proteins 102 

determine bacterial cell shape by regulating the localization, timing, and architecture of peptidoglycan 103 

polymerization [14].  PBPs are also well-known targets for β-lactams.  The covalent binding of a β-104 

lactam antibiotic to the catalytic serine residue at the PBP active site inactivates protein function 105 

resulting in inhibition of cell wall synthesis and cell lysis [15, 16].  In bacteria such as Salmonella 106 

enterica, Streptococcus pneumoniae, and Helicobacter pylori, mutations in PBPs within or near 107 

conserved active site motifs can result in β-lactam antibiotic resistance by reducing antibiotic binding 108 

affinity [17-19].  Chantratita et al. demonstrated the loss of PBP-3 in B. pseudomallei resulted in 109 

ceftazidime resistance [20].  Except for PBP-3, very little is known about PBPs in B. pseudomallei.  110 

Recently, our group used an in silico approach to identify a suite of genes encoding 10 putative PBPs in 111 

the B. pseudomallei genome [21].   112 

 Sequence variations within stable genetic markers in B. pseudomallei can be used for: species 113 

identification, differentiation of closely related species, characterization of isolates, and also 114 

phylogenetic and epidemiological investigations.  Burkholderia mallei is considered a host-adapted 115 

deletion clone of B. pseudomallei.  As the genes retained by B. mallei share ~99.5% nucleotide identity 116 

to corresponding homologs in B. pseudomallei [22], the accurate differentiation of these species using 117 

molecular-based laboratory tools is difficult but valuable for clinical applications.  For example, 16S 118 

rRNA gene sequencing rapidly identifies B. pseudomallei based on a single nucleotide difference that 119 

can reliably discriminate it from B. mallei [23].  Polymorphisms within the 16S-23S ribosomal DNA 120 

internal transcribed spacer (ITS) have been used to investigate phylogenetic relationships within B. 121 
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pseudomallei and among near-neighbor species [24].  ITS types C, E and CE represented the most 122 

endemic B. pseudomallei isolates and all isolates of the relative species B. thailandensis possessed ITS 123 

type A.  The ITS allele of B. mallei appears monomorphic since all strains were found to have ITS type 124 

C [24].  A multi-locus sequence typing (MLST) scheme was also developed for B. pseudomallei and 125 

closely related species.  This molecular typing method is based on sequence variations within seven 126 

conserved, housekeeping genes on chromosome I, the larger of its two replicons.  MLST demonstrated 127 

utility for epidemiological studies and confirmed that B. mallei is a clone of B. pseudomallei, while the 128 

species Burkholderia thailandesis is distinct [25].  129 

Despite having a highly recombinant genome, a strong geographic signal is encoded within B. 130 

pseudomallei and phylogeographic reconstruction of this population is possible [26].  Several factors 131 

have led to distinct Asian and Australasian B. pseudomallei populations that undergo regional evolution. 132 

These factors include the primary mode of transmission (via direct contact with contaminated 133 

environments), extremely rare human-to-human transmission, and substantial geographic barriers that 134 

restrict gene flow between populations [26].  While a large-scale comparative genomics approach is 135 

essential to determine fine-scale population structure and to confirm the true geographic origin of B. 136 

pseudomallei isolates [27-30], lower resolution typing methods such as ITS and MLST are useful tools 137 

for linking melioidosis cases to particular regions.  Of the five ITS types exclusive to B. pseudomallei, 138 

type G was rare in Australia and Southeast Asia, and based on a small number of strains, this type was 139 

overrepresented for isolates originating from Africa and the Americas [24].  Testing of additional 140 

Western Hemisphere strains confirmed ITS type G was predominant and supported the original 141 

hypothesis that a genetic bottle neck took place during dispersal of B. pseudomallei to geographic 142 

locations outside endemic regions [24, 31].  MLST can be used to define geographical segregation of B. 143 

pseudomallei by continent and provides a clear distinction between populations originating from 144 
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Australia and Thailand [32, 33].  However, occasional examples of ST homoplasy have been reported 145 

for isolates from different continents that are not actually related [34].  146 

Despite the heavy disease burden and high mortality rate associated with melioidosis, even with 147 

aggressive antibiotic treatment [35], melioidosis is not included on the World Health Organization list of 148 

neglected tropical diseases and global strategies to address prevention and control are still needed.  As 149 

the signs and symptoms of melioidosis frequently mimic other diseases, clinical or laboratory diagnosis 150 

can be challenging.  Prompt diagnosis of this disease as well as timely treatment with appropriate 151 

antibiotics are crucial for positive patient outcomes. The genomes of B. pseudomallei, B. mallei, and B. 152 

thailandensis submitted by scientists from across the world to public databases could reveal important 153 

markers useful for speciation, predicting antibiotic resistance, phylogeny, or geographic origin.    154 

Here, we utilized an in silico approach to characterize PBPs in B. pseudomallei and determined 155 

their conservation among B. pseudomallei isolates as well as closely related species, B. mallei and B. 156 

thailandensis.  We also analyzed B. pseudomallei PBP sequences for i) amino acid mutations that may 157 

confer resistance to β-lactam antibiotics, ii) single nucleotide polymorphisms (SNPs) with utility for 158 

species differentiation, and iii) SNPs to infer phylogeographic origins. 159 

 160 

Methods 161 

In silico characterization of PBP homologs in B. pseudomallei 1026b.  Ten PBP homologs were 162 

identified in B. pseudomallei 1026b (Table 1) using the UniProtKB database (https://www.uniprot.org/).  163 

Conserved protein domains were predicted using the Pfam database (http://pfam.xfam.org/) and 164 

theoretical molecular weight was calculated using ExPASy (https://web.expasy.org/compute_pi/).  165 

NCBI’s Protein BLAST was utilized to find the nearest PBP homologs in Pseudomonas aeruginosa 166 

PAO1 (taxid:208964) and Escherichia coli K-12 (taxid:83333).  The nearest homologs produced the 167 
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most significant alignments to B. pseudomallei 1026b PBPs with the lowest Expect (E)-value (NCBI, 168 

[36]).  Geneious (v.11.1.4) was used to analyze PBP sequences and identify putative enzyme active sites 169 

(SXXK, SXN, and KS/TG). 170 

 171 

Table 1. PBP homologs in B. pseudomallei 1026b. 172 

PBP Class Gene Length 
(AA) 

Theoretical  
MW (kDa) 

Conserved 
domains 

(TD AA start 
position) 

Putative 
active sites: 

SXXK, SXN, 
KS/TG 

(AA position) 

Nearest homolog in: 
P. aeruginosa PAO1 

E. coli K-12 

Protein 
(Gene) 

% 
Identity 

PBP-1A 
HMM 

(A) 
I3403 
(mrcA) 

797 87.14 
Transglycosylase  
PCB OB  
Transpeptidase (443) 

SSFK (481) 
SRN (541) 
KTG (671) 

PBP-1A 
(ponA) 44.0 

PBP-1A 
(mrcA) 

38.1 

PBP-1A 
HMM 

(A) 
I1297 840 90.88 

Transglycosylase  
PCB OB  
Transpeptidase (475) 

SSFK (513) 
SKN(572) 
KTG(703) 

PBP-1A 
(ponA) 

43.7 

PBP-1A 
(mrcA) 

39.7 

PBP-1A/B  
HMM 

(A) 
II2482 858 92.40 

Transglycosylase 
Transpeptidase (424) 

STFK (462) 
SRN (520) 
KTG (648) 

PBP-1B 
(mrcB) 

29.2 

PBP-1A 
(mrcA) 

31.8 

PBP-1A/B  
HMM 

(A) 
II0265 713 76.00 

Transglycosylase  
Transpeptidase (345) 

SSFK (383) 
SKN (443) 
KTG (569) 

PBP-1B 
(mrcB) 

33.7 

PBP-1A 
(mrcA) 

44.4 

PBP-1C 
HMM 

(A) 
II0898 906 95.30 

Transglycosylase  
Transpeptidase (408) 
 PBP-C  

STLK (447) 
SLN (505) 
KTG (698) 

-- -- 

PBP-1C 
(pbpC) 

37.2 

PBP-2 
HMM 

(B) 
I3332 

(mrdA) 
803 85.66 

PBP dimer  
Transpeptidase (283) 

STYK (342) 

KTG (559) 

PBP-2 
(pbpA) 

43.9 

PBP-2 
(mrdA) 

39.8 

PBP-3 (1) 
HMM 

(B) 
I0276 
(ftsI) 

614 66.36 
PBP dimer  
Transpeptidase (260) 

SIMK (307)  

SSN (361) 
KSG (498) 

PBP-3 
(ftsI) 

40.7 

PBP-3 
(ftsI) 

40.8 

PBP-3 (2) 
HMM 

(B) 
II1292 
(ftsI) 

594 63.64 
PBP dimer  
Transpeptidase (259) 

STIK (306)  

SSN (360) 
KTG (501) 

PBP-3 
(ftsI) 

42.3 

PBP-3 
(ftsI) 

37.6 

PBP-3 (3)  
HMM 

(B) 
II1314 563 59.97 

PBP dimer  
Transpeptidase (255) 

STLK (303) 
SSN (357) 
KTG (491) 

PBP-3 
(ftsI) 

39.1 

PBP-3 
(ftsI) 

36.0 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 8, 2021. ; https://doi.org/10.1101/2021.10.08.463618doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.08.463618


9 

 

PBP-6 LMM I3098 437 46.57 
Peptidase S11 (70) 
PBP5-C  

SLTK (107) 
SGN (169) 
KTG (271) 

PBP-5/6 
(dacC) 45.5 

PBP-6 
(dacC) 

42.0 

Penicillin binding proteins (PBPs) were identified in B. pseudomallei 1026b using the UniProtKB 173 

database.  Theoretical molecular weight (MW) values were predicted using ExPASy.  Conserved 174 

domains and start locations of transpeptidase domains (TD) were predicted using Pfam.  PBPs are 175 

classified as high molecular mass (HMM) or low molecular mass (LMM) based on MW, conserved 176 

domains, and nearest homologs in P. aeruginosa PAO1 and E. coli K-12.  The nearest homologs have 177 

the most significant alignment to B. pseudomallei 1026b PBPs with the lowest Expect (E)-value (NCBI).  178 

Putative PBP enzyme active sites were identified and are located within the predicted transpeptidase or 179 

peptidase domains.  (--) indicates no known PBP homolog in P. aeruginosa PAO1.   180 

 181 

Identification of PBP homologs in genomes of an initial set of Burkholderia strains.  The nucleotide 182 

sequences for the 10 genes encoding PBPs in B. pseudomallei 1026b were used as queries for BLASTn 183 

analysis.  The search set included organisms B. pseudomallei (taxid:28450), B. mallei (taxid:13373) and 184 

B. thailandensis (taxid:57975).  Default algorithm parameters were selected, with the exception of “max 185 

target sequences” which was set to 5,000.  This initial set of 144 complete, assembled genomes, 186 

including 101 B. pseudomallei, 26 B. mallei, and 17 B. thailandensis, was examined to identify 187 

corresponding PBP homologs.  These strains, along with their origin, epidemiological information, and 188 

NCBI accession numbers, are listed in Table S1. Strain typing (MLST, ITS and whole-genome SNP 189 

typing) and phylogeography of B. pseudomallei from the Western Hemisphere was previously 190 

performed and reported by Gee et. al [37]. 191 

Analysis of SAAPs in PBP transpeptidase domains.  The Pfam database was used to predict the 192 

transpeptidase domain (TD) location within each of the 10 PBP homologs in the B. pseudomallei 1026b 193 

reference strain.  Gene sequences obtained from each BLASTn result for 101 B. pseudomallei strains 194 

were aligned, mapped to the reference strain, translated, and analyzed for single amino acid 195 

polymorphisms (SAAPs) within the predicted TDs using Geneious (v11.1.4).  The amino acid position 196 

of SAAPs and the location of the putative enzyme active sites identified within the TDs are based on 197 
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sequence alignment to the 1026b reference strain.  The Protein Variation Effect Analyzer (PROVEAN) 198 

tool (v1.1) [38] was used to predict whether a SAAP affects protein function based on a generated 199 

PROVEAN score.  A SAAP is predicted to have a ‘deleterious’ effect if the PROVEAN score is ≤ the 200 

predefined threshold of -2.5.  A SAAP is predicted to have a ‘neutral’ effect if the score is greater than -201 

2.5. 202 

Identification and selection of SNPs for the DLST scheme.  The nucleotide sequences of B. 203 

pseudomallei 1026b genes I0276 and II1314, encoding PBP-3 (1) and PBP-3 (3), were used as queries 204 

for NCBI’s BLASTn analysis.  Gene sequences obtained from BLASTn results for the initial set of 144 205 

Burkholderia strains were aligned, mapped to the reference strain, B. pseudomallei 1026b, and analyzed 206 

for SNPs using Geneious (v11.1.4).  Nine SNPs with utility to predict the geographic origin of B. 207 

pseudomallei, plus two SNPs useful for differentiating Burkholderia species (B. pseudomallei, B. mallei, 208 

and B. thailandensis) were identified and selected for DLST.  The nucleotide positions described for the 209 

11 DLST SNPs are based on alignment to the 1026b reference strain.  210 

DLST performance for an expansive set of genomes.  All RefSeq genomes of B. pseudomallei 211 

(n=1525) and B. mallei (n=83) were collected from NCBI on Oct. 28th, 2019.  All B. mallei assemblies 212 

(n=83) and B. pseudomallei assemblies (n=1446) with geographic information deposited in the NCBI 213 

BioSample database were evaluated for the presence of genes I0276 and II1314 with BLASTn v2.9.0+, 214 

using B. pseudomallei 1026b as a reference for each sequence.  For both genes, the best alignment for 215 

each assembly, based on bitscore, was evaluated.  A multiple record FastA file (GNU Awk, v4.1.4) was 216 

generated using aligned sequences saved from each BLASTn result.  Both gene sequence sets were 217 

aligned using MUSCLE (v3.8.1551) [39] and visualized in ClustalX [40] to confirm the accuracy of the 218 

alignments.  Of the 1446 B. pseudomallei II1314 sequences, 1442 shared >98% nucleotide identity to 219 

the 1026b reference strain and were included in the final number of assemblies evaluated in this study.  220 

The four remaining sequences in the II1314 alignment (B. pseudomallei strains 3001161896, A193, BP-221 
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6260, and BURK081) contained excessive SNPs and gaps, and were excluded based on poor alignment 222 

and low nucleotide identity (67%).  I0276 sequences required no further filtering. The BioPython 223 

(v1.70) [41] library was used to extract nucleotide data at the 11 positions from both multiple record 224 

FastA files and SeqKit (v0.11.0) concatenated the two gene loci for subsequent DLST analysis.  The 225 

discriminatory power (D) of the DLST scheme was calculated using the calculator 226 

(http://insilico.ehu.es/mini_tools/discriminatory_power/), where D is expressed by the formula of 227 

Simpson’s index of diversity [42]. 228 

Compilation of figures.  Illustrations of the DLST SNP locations in B. pseudomallei 1026b and the 229 

DLST SNP-based phylogeographic tree for the initial set of B. pseudomallei and B. mallei strains (Fig. 1 230 

and 2) were generated in Microsoft PowerPoint® for Microsoft 365 MSO (16.0.13801.20840) 64-bit.  231 

The more expansive phylogeographic tree (Fig. 3), including 1442 B. pseudomallei strains resulting in 232 

31 DLSTs, was generated using MPBoot (v1.1.0) [43].  The tree was visualized using the iTol 233 

webserver [44] and pie charts were created with the ggplot2 (v3.2.1) library in R (v3.4.4), then edited 234 

using InkScape (v0.92.4).  235 

 236 

Results/Discussion 237 

In silico characterization of predicted PBPs in B. pseudomallei 1026b. 238 

Bacterial species have distinctive suites of PBPs and variation exists in the number and redundancy of 239 

PBP homologs [45].  Four PBPs are encoded in the H. pylori genome, whereas eight and 12 PBPs have 240 

been identified in P. aeruginosa and E. coli, respectively [46-48]. Using the UniProtKB database, we 241 

previously identified 10 genes encoding putative PBPs in the B. pseudomallei reference strain 1026b 242 

[21].  Based on theoretical molecular weight (MW), conserved domains, and the nearest homologs in P. 243 

aeruginosa and E. coli, B. pseudomallei PBPs were classified as high molecular mass (HMM) or low 244 
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molecular mass (LMM) (Table 1).  Five HMM, Class-A PBP-1 homologs were identified in B. 245 

pseudomallei 1026b, each containing a transglycosylase and transpeptidase conserved domain.  These 246 

proteins range from 713 to 906 amino acids in length with MWs of 95.3 to 76.0 kDa.  The MWs of PBP-247 

1 proteins for numerous Gram-negative species have been reported, ranging from 77 to 118 kDa [45].  248 

Both genes encoding PBP-1A homologs (I3403 and I1297) are located on chromosome 1 of the B. 249 

pseudomallei 1026b genome and share 38.1 to 44.0 % identity to PBP-1As in P. aeruginosa PAO1 and 250 

E. coli K-12, respectively.  The predicted PBP-1C, encoded by II0898 on chromosome 2, was the largest 251 

HMM, Class-A protein, and shared 37.2 % identity with PBP-1C in E. coli K-12.   252 

 Four HMM, Class-B PBP homologs (one PBP-2 and three PBP-3s) were also identified in B. 253 

pseudomallei 1026b, each containing a transpeptidase conserved domain.  The largest of the four, PBP-254 

2, encoded by I3332 on chromosome 1, was 803 amino acids in length and had a MW of 85.66 kDa.  255 

The MWs calculated for the three PBP-3 homologs in B. pseudomallei 1026b, encoded by genes I0276, 256 

II1292 and II1314, ranged from 59.97 to 66.36 kDa and are comparable to 66 kDa reported previously 257 

for PBP-3 in E. coli [45].  Protein BLAST analyses revealed B. pseudomallei Class-B PBPs share 36.0 258 

to 43.9% identity with the corresponding PBPs in P. aeruginosa and E. coli.  Comparable sequence 259 

identity (42%) is reported between PBP-3 homologs of P. aeruginosa and E. coli [49]. One putative 260 

LMM, Class-C PBP-6, encoded by I3098, was found on chromosome 1 of B. pseudomallei 1026b.  This 261 

protein represents the smallest of the 10 predicted B. pseudomallei PBPs and shares >40% identity to 262 

PBP-5/6 and PBP-6 in P. aeruginosa PAO1 and E. coli K-12, respectively.  263 

 The three conserved PBP sequence motifs that form that catalytic center of the active site 264 

(SXXK, SXN, and KS/TG) were identified in the transpeptidase domains for nine of the 10 PBP 265 

homologs in B. pseudomallei 1026b (Table 1).  For each of these PBPs, the SXXK motifs were located 266 

between 54 and 62 residues upstream of the SXN motifs.  Corresponding motifs in PBP-3 of P. 267 

aeruginosa PAO1 are similarly positioned, 55 residues apart [49].  For seven of the nine PBPs, the 268 
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distance between the SXN and KS/TG motifs was ~130 residues. This is comparable to the 135 residues 269 

that separate the SSN motif from KSG in PBP-3 of P. aeruginosa PAO1 [49].  Only two of three active 270 

site motifs were found in the B. pseudomallei 1026b PBP-2, an STYK tetrad at site 342 and a KTG triad 271 

at position 559.  It is unclear whether this predicted PBP-2 is functional despite missing the SXN active 272 

site sequence, as Tomberg et al. [50] demonstrated that an interaction involving the middle residue of 273 

this motif was necessary for the transpeptidase function, but not β-lactam binding, of PBP-2 in Neisseria 274 

gonorrhoeae. 275 

 276 

Identification of PBP homologs among an initial set of Burkholderia strains analyzed. 277 

The nucleotide sequences for the 10 genes encoding PBPs in B. pseudomallei 1026b were used as 278 

queries for BLASTn analyses of three Burkholderia spp.; B. pseudomallei (taxid:28450), B. mallei 279 

(taxid:13373) and B. thailandensis (taxid:57975).  An initial set of 143 publicly available, assembled 280 

genomes, including 100 additional B. pseudomallei, 26 B. mallei, and 17 B. thailandensis strains were 281 

examined to identify genes encoding corresponding PBP homologs.  NCBI accession numbers and 282 

epidemiological information for these strains can be found in Table S1. PBPs in B. pseudomallei were 283 

more homologous to PBPs in B. mallei compared to B. thailandensis.  With 100% query coverage, 284 

BLASTn analysis revealed genes encoding PBPs in B. mallei were ≥99% identical to those in the B. 285 

pseudomallei 1026b genome.  Gene sequences of predicted PBPs in B. thailandensis were ~95% 286 

identical with query coverages ranging from 85 to 100%. 287 

 All ten predicted PBPs identified in B. pseudomallei 1026b were conserved in the entire set of B. 288 

pseudomallei strains.  Eight of 10 PBP homologs were conserved in all B. mallei genomes evaluated, 289 

and the remaining two homologs were present in 25 of 26 genomes.  The two exceptions included: B. 290 

mallei 2002734306 missing one PBP-1A/B, and B. mallei SAVP1 missing PBP-1C.  Genes encoding 9 291 
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of the 10 PBP homologs were present in all B. thailandensis genomes examined.  However, the third 292 

PBP-3 homolog, encoded by II1314 in B. pseudomallei 1026b, was only present in 5 of the 17 B. 293 

thailandensis strains.  Unique PBP profiles analyzed by SDS-PAGE have been used to distinguish 294 

species within the Enterococcus genus [51].  However, this type of analysis would not prove useful for 295 

differentiating B. pseudomallei from B. mallei and B. thailandensis, as several strains from each 296 

Burkholderia species possess an identical suite of predicted PBPs.  297 

 298 

Examination of PBP transpeptidase domains for mutations in B. pseudomallei strains.  299 

Alterations in PBPs of Gram-negative bacteria can confer resistance to β-lactams by lowering the 300 

affinity of the antibiotic to the active site [17-19].  In this work, we examined the predicted 301 

transpeptidase domains (TDs) in B. pseudomallei PBPs for single amino acid polymorphisms (SAAPs) 302 

in or near active site sequence motifs.  The Pfam database was used to predict conserved PBP TDs in B. 303 

pseudomallei reference strain 1026b.  In the PBP-6 and five PBP-1 homologs, the TDs started 37 to 39 304 

residues upstream of the predicted active-site serine residue in the first motif (SXXK).  For the four 305 

HMM Class-B protein homologs, TDs were positioned ~47 and 59 residues upstream of the SXXK 306 

motif in the three PBP-3s and in PBP-2, respectively (Table 1).  307 

The amino acid sequences of the ten putative PBP homologs in the set of 100 B. pseudomallei 308 

strains were aligned to the 1026b reference strain and examined for alterations. Two strains included in 309 

this set have known resistance to β-lactam antibiotics.  Based on minimal inhibitory concentration 310 

interpretative criteria established by the Clinical Laboratory and Standards Institute, B. pseudomallei 311 

Bp1651 is considered resistant to amoxicillin-clavulanic acid (AMC), imipenem (IPM), and ceftazidime 312 

(CAZ), and B. pseudomallei MSHR1655 is resistant to AMC [52].  The reference strain B. pseudomallei 313 

1026b is susceptible to all three β-lactams (AMC, IPM, CAZ).  No SAAPs were identified directly 314 
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within any of the three predicted active site motifs for any of the 101 B. pseudomallei strains analyzed.  315 

In addition, no SAAPs specific to the AMC-resistant strain MSHR1655 were found within the TD 316 

domains of the ten PBP homologs.  317 

Antimicrobial resistance markers, including point mutations in the class A β-lactamase encoding 318 

penA gene, have been described for B. pseudomallei Bp1651 [9].  Here, analysis of the TDs in the PBP 319 

homologs of this multi-drug resistant strain revealed unique SAAPs that were not present in the other 320 

100 B. pseudomallei strains evaluated (Table 2).  To predict whether these SAAPs would affect protein 321 

function, the PROVEAN tool was used to score each mutation individually. The predicted effect was 322 

deleterious if the score was ≤ -2.5 and neutral if the score was > -2.5.  Two potentially deleterious 323 

SAAPs exclusive to strain Bp1651 were found: G608D, located 49 residues downstream of the KTG 324 

active site motif in the PBP-2 homolog, and G530R, located 25 residues downstream of the SLN motif 325 

in the PBP-1C homolog.  A neutral effect on protein function was calculated for the second amino acid 326 

substitution in the PBP-1C homolog at position 627.  One additional predicted deleterious SAAP 327 

(G495S), 25 residues upstream of the second active site motif in a PBP-1A/B homolog, was found in B. 328 

pseudomallei strains Bp1651 and MSHR1153.  The functional contributions of these SAAPs in Bp1651 329 

to β-lactam resistance remain unknown.  330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 
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Table 2. Single amino acid polymorphisms found in PBP transpeptidase domains of B. pseudomallei Bp1651.  341 

PBP 
Homolog 

Corresponding 
Gene in Bp1651 

SAAP in TD       
(AA position) 

Location relative to 
putative active site 

PROVEAN  
 Score Predicted Affect 

PBP-2 TR70_2681 G ►D (608) (+) 49 AA, KTG - 4.094 Deleterious 

PBP-1A/B TR70_5295 G ►S (495)* (-) 25 AA, SRN -4.091 Deleterious 

PBP-1C TR70_6206 
G ►R (530) 
E ►Q (627) 

 (+) 25 AA, SLN 
(-) 72 AA, KTG 

-7.500 
-0.238 

Deleterious 
Neutral 

The amino acid (AA) position of single amino acid polymorphisms (SAAPs) in predicted PBP transpeptidase 342 

domains (TD) of multi-drug resistant Bp1651 strain are based on sequence alignment to the 1026b reference 343 

strain.  Location relative to the nearest active site, (-) upstream or (+) downstream. SAAPs listed are unique to 344 

Bp1651 and not found in the other 100 B. pseudomallei strains analyzed. (*) SAAP shared only with B. 345 

pseudomallei MSHR1153.  The Protein Variation Effect Analyzer (PROVEAN) tool was used to predict whether 346 

a SAAP affects protein function.  The predicted affect is deleterious if the score ≤ -2.5 and neutral if the score is > 347 

-2.5.   348 

 349 

Utility of PBP gene SNPs for differentiation of closely related Burkholderia species. 350 

As a result of the high degree of phenotypic and genotypic overlap between B. pseudomallei, B. mallei, 351 

and B. thailandensis, simple molecular approaches to differentiate these species are important for 352 

epidemiological studies and clinical applications.  Some PCR-based methodologies targeting open 353 

reading frames including 16S rRNA, bimA, and fliC genes, have been described for the Burkholderia 354 

pseudomallei complex and were summarized by Lowe et al. [53].  As part of this work, gene sequences 355 

encoding each of the ten putative PBP homologs in the initial set of Burkholderia strains (Table S1) 356 

were aligned to the B. pseudomallei 1026b reference strain and examined for species-specific SNPs.  357 

Several PBP gene homologs contained mutations with utility to differentiate the three closely related 358 

Burkholderia spp. (Table 3).  The nucleotide positions for these mutations are reported based on 359 

sequence alignments to the 1026b reference strain.  The combination of two SNPs at positions 888 and 360 

1629 in the gene encoding the PBP-3 (1) homolog was found to be unique to each of the three 361 

Burkholderia spp.  For 100% of the isolates analyzed at these two sites, we observed nucleotides C/T for 362 

B. pseudomallei (n=101), T/C for B. mallei (n=26) and C/C for B. thailandensis (n=17). 363 
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Table 3.  PBP SNPs with utility for differentiation of Burkholderia species. 364 

PBP Homolog  
(gene in 1026b) nt position Species # isolates 

PBP-3 (1)  
(I0276) 

888 1629   
C T B. pseudomallei  101/101 
T C B. mallei 26/26 
C C B. thailandensis 17/17 

PBP-3 (2) 
(II1292) 

217   
G B. pseudomallei / B. thailandensis 118/118 
A B. mallei 26/26 

PBP-2 
(I3332) 

1340   
AGA B. pseudomallei / B. thailandensis 118/118 

--- B. mallei 26/26 

PBP-1A 
(I1297) 

1177   
C B. pseudomallei / B. thailandensis 118/118 
T B. mallei 26/26 

PBP-1A/B 
(II0265) 

1239 1580   
C C B. pseudomallei / B. thailandensis 118/118 
T T B. mallei 26/26 

*PBP-1C 
(II0898) 

1941   
G B. pseudomallei 101/101 

A B. mallei 25/26+ 
Nucleotide (nt) positions are based on sequence alignment to the 1026b reference strain. (---) deletion of lysine 365 

amino acid, (+) No sequence with significant alignment to II0898 (PBP-1C) was identified in B. mallei SAVP1 366 

during BLASTn analysis.  (*) Compared to the reference strain, genes encoding PBP-1C homologs in B. 367 

thailandensis are missing ~400 nt, including a portion of the gene surrounding nt position 1941.  368 

 369 

SNPs unique to B. mallei were identified in genes encoding five predicted PBPs (Table 3).  For 370 

instance, an adenine at position 217 in PBP-3 (2), a thymine at position 1177 in a PBP-1A, and two 371 

thymine nucleotides at positions 1239 and 1580 in a PBP-1A/B could be used to differentiate B. mallei 372 

from both B. pseudomallei and B. thailandensis.   All B. mallei strains (26/26) also contained a three-373 

nucleotide deletion starting at position 1340 in genes encoding the putative PBP-2 homolog.  This 374 

mutation resulted in the deletion of a lysine for B. mallei, which was not observed in any of the 118 B. 375 

pseudomallei or B. thailandensis strains evaluated.  Except for B. mallei strain SAVP1, which does not 376 

contain the gene encoding the predicted PBP-1C, a SNP at position 1941 could be used to differentiate 377 

B. pseudomallei from B. mallei.  Compared to the 1026b reference strain, genes encoding PBP-1C 378 
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homologs in B. thailandensis are missing ~400 nucleotides, including the portion of the gene 379 

surrounding the nucleotide at position 1941.  Of the 10 predicted PBPs, PBP-3 (1) proved most useful in 380 

improving our ability to differentiate B. pseudomallei, B. mallei, and B. thailandensis. 381 

 382 

Utility of PBP SNPs for predicting geographic origin of B. pseudomallei. 383 

Phylogeographic reconstruction of B. pseudomallei has been demonstrated using both high resolution 384 

comparative genomics and lower resolution typing methods such as ITS [24, 27]. To investigate whether 385 

isolates could be assigned to a geographic region gene sequences encoding each of the ten putative PBP 386 

homologs in 100 B. pseudomallei genomes were aligned to the B. pseudomallei 1026b reference strain 387 

and examined for SNPs useful for phylogeography.  In the initial set of 101 B. pseudomallei genomes 388 

analyzed (Table S1), 75 strains originated from the Eastern Hemisphere (EH); 33 strains from Australia 389 

and Papua New Guinea, and 42 strains from 8 countries in Asia and Southeast Asia.  The remaining 26 390 

B. pseudomallei strains were isolated from clinical or environmental samples in the Western Hemisphere 391 

(WH); 23 of which have ITS type G, common to strains from the WH, and 3 isolates have ITS type C or 392 

CE, supporting an original origin outside the WH, most likely Asia [37].  393 

 Several SNPs with phylogeographic utility were identified in genes encoding putative PBPs in 394 

the initial set of B. pseudomallei strains.  For example, analysis of predicted PBP-1A/B gene homologs, 395 

aligned to II0265 in the B. pseudomallei 1026b reference strain, revealed a SNP at position 168 shared 396 

by all ITS type G, WH strains (23/23).  Only 4 strains originating from the EH shared the same SNP.  A 397 

SNP unique to WH strains originating from Puerto Rico and Florida was also identified in gene 398 

sequences encoding PBP-2 homologs at position 108.  Another SNP more prevalent to strains 399 

originating from Australia and Papua New Guinea (27/33) was identified in gene sequences encoding 400 

the second predicted PBP-1A/B homolog found at nucleotide position 2,330.  However, the two genes 401 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 8, 2021. ; https://doi.org/10.1101/2021.10.08.463618doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.08.463618


19 

 

containing the most SNPs with utility to predict geographic origin of B. pseudomallei encode the 402 

predicted PBP-3 (1) and PBP-3 (3) homologs.  Furthermore, as SNPs in the first PBP-3 gene homolog 403 

could also be used to differentiate B. pseudomallei from B. mallei and B. thailandensis, these two loci 404 

were selected for the Dual-Locus Sequence Typing (DLST) approach. 405 

 406 

Development of a Dual-Locus Sequence Typing approach. 407 

DLST is a molecular biology technique that uses unique allelic profiles in two loci to characterize and 408 

type bacterial species.  Implementation of DLST typing schemes has been demonstrated for bacterial 409 

pathogens such as methicillin-resistant Staphylococcus aureus and P. aeruginosa [54, 55].  Here, a 410 

DLST scheme was developed using polymorphic sites at 11 nucleotide positions in two conserved B. 411 

pseudomallei loci encoding PBP-3 homologs (Table 4, Fig. 1).  The nucleotide positions reported herein 412 

are based on sequence alignment to the I0276 and II1314 genes, encoding PBP-3 (1) and PBP-3 (3), 413 

respectively, in the B. pseudomallei 1026b reference strain.  SNPs at 9 of the 11 positions were chosen 414 

for their phylogeographic utility, and the other 2 SNPs were useful in differentiating Burkholderia spp.  415 

The DLST approach was first tested using gene sequences encoding PBP-3 (1) and PBP-3 (3) homologs 416 

in the initial set of B. pseudomallei (n=101) and B. mallei (n=26) strains.   417 

 418 

Table 4. Dual-locus sequence typing scheme. 419 

 420 

 421 

 422 

 423 

The DLST scheme is based on 11 nucleotides in two genes encoding putative PBP-3s.  Nucleotide (nt) positions 424 

are based on sequence alignment to the 1026b reference strain.  Nucleotides with phylogeographic utility are 425 

shown in black font and nucleotides used to differentiate Burkholderia species are shown in gray font.  426 

 nt position in I0276 (PBP-3 (1)) nt position in II1314 (PBP-3 (3)) 

Species 141 268 888 1473 1629 243 265 273 575 703 854 

B. pseudomallei C/T C/T C C/T T G/A G/T T/C T/C A/G A/C 

B. mallei C T T C C A G C C G C 
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DLST results for the initial set of 127 Burkholderia strains are depicted in a phylogeographic 427 

SNP tree (Fig. 2) and summarized in Table S2.  Each branch of the SNP tree represents a group of 428 

strains with a distinct 11-nucleotide SNP signature.  Directly adjacent branches differ by one SNP 429 

(underlined), as indicated by the size bar.  In Fig. 1, B. pseudomallei strains are color-coded by 430 

geographic origin and SNPs used to differentiate B. mallei strains are shown in dark yellow.  All B. 431 

mallei strains (26/26) shared the same SNP signature (CTTCC-AGCCGC) and clustered together.  At 432 

the initial bifurcation point of the SNP tree, B. pseudomallei strains originating from India and Sri Lanka 433 

(in green) group together.  Geographically, these countries are in proximity, sharing a maritime border.  434 

The other three isolates from Sri Lanka (Bps 111, 110, and 123) share 10 of 11 DLST signature SNPs 435 

(Fig. 2). 436 

A SNP unique to B. pseudomallei strains from Papua New Guinea was identified at nucleotide 437 

position 1473 in the first DLST locus, and as a result these three strains formed their own branch on the 438 

tree (CCCTT-GGCCGC) (Fig. 2).  The majority of B. pseudomallei strains originating from Australia 439 

(26/30), located just south of Papua New Guinea, share 2 DLST signatures and differ from Papua New 440 

Guinea strains by only one or two SNPs.  MLST has been used to study the origins of isolates from 441 

Papua New Guinea [56]; three unique sequence types (STs) were resolved and phylogenetic analysis 442 

revealed they were located in clades mainly dominated by isolates of Australian origin.  The six DLST 443 

signatures in the lower portion of the phylogeographic SNP tree mainly consisted of B. pseudomallei 444 

strains originating from Southeast Asia (Vietnam, Thailand, and Malaysia), China, and Taiwan (Fig. 2).  445 

One of which, CCCCT-GGTTAA, contained the most isolates from Thailand (6), including the 1026b 446 

reference strain (in bold).  Outliers included Australian strains MSHR840 and TSV202 which were 447 

assigned to a DLST branch along with five Asian isolates.  However, B. pseudomallei strains with ITS 448 

type C and CE; CA2010, OH2013, and PB08298010 from the WH, and the Australian strain 449 
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MSHR5858 have all been shown to be more closely related to strains originating in Asia [29, 37, 57]; 450 

indeed, these four clinical isolates shared SNP signatures with strains from several Asian countries. 451 

For WH B. pseudomallei strains, the DLST system demonstrated higher resolution compared to 452 

ITS typing and some DLST groups could be associated with geographic origin.  Based on DLST SNP 453 

signatures, B. pseudomallei ITS Type G isolates from the WH (in blue) could be differentiated into 454 

several distinct groups (Fig. 2).  All WH strains evaluated in this study that originated from Puerto Rico 455 

and Florida (6/6) populated a single branch on the SNP tree (CTCCT-GTTTAA).  This is consistent 456 

with core genome SNP analysis results which showed these six isolates made up a distinct subclade 457 

within the WH clade [37].  Moreover, two MLST type 518 B. pseudomallei strains, CA2007 and 458 

CA2013a, both isolated from pet iguanas in California [37], clustered together using the DLST approach 459 

(CTCCT-GGTCAA).  The largest DLST group, with SNP signature CTCCT-GGTTAA, consisted of 460 

seven WH B. pseudomallei strains.  One outlier was an ITS Type G isolate from a California patient 461 

(MX2013).  DLST placed this WH strain in a group with B. pseudomallei strains from Southeast Asia 462 

and Taiwan.  Interestingly, this patient had travel history or residence in Mexico and had prior military 463 

service in Vietnam [37] (Table S1).   464 

 465 

Testing DLST performance with an expansive set of B. pseudomallei and B. mallei genomes.  466 

The DLST approach was challenged using an extensive set of B. pseudomallei and B. mallei RefSeq 467 

genomes collected from NCBI.  All B. pseudomallei assemblies (n=1,446) with geographic information 468 

deposited in the NCBI BioSample database and B. mallei assemblies (n=83) were evaluated for the 469 

presence of genes encoding predicted PBP-3 (1) and PBP-3 (3) homologs (I0276 and II1314) with 470 

BLASTn, using B. pseudomallei 1026b as a reference for each sequence.  Both loci were highly 471 

conserved in B. pseudomallei, each exhibiting >98% nucleotide identity to the reference.  Only four of 472 
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1,446 B. pseudomallei strains were excluded from subsequent DLST analysis based on poor alignment 473 

and low nucleotide identity to the second locus, II1314.  The two putative PBP-3 gene homologs were 474 

also highly conserved in B. mallei, with only two of 83 strains missing the second locus.  As a result, 475 

DLST typing performance was ultimately assessed using gene sequences from 1,442 B. pseudomallei 476 

and 81 B. mallei strains.  Both gene sequence sets were aligned to the B. pseudomallei 1026b reference 477 

strain, and nucleotide data at the 11 polymorphic positions were extracted and concatenated for 478 

subsequent DLST analysis.   479 

 DLST of 1,523 Burkholderia strains resulted in 32 sequence types (STs); 31 STs for B. 480 

pseudomallei strains and one ST (ST-32) for all B. mallei strains (Table S3).  B. pseudomallei STs were 481 

assigned in numerical order in accordance with the number of strains in each ST, highest to lowest.  482 

Based on this typing nomenclature, STs were assigned in retrospect to the initial set of 101 B. 483 

pseudomallei and 26 B. mallei strains used to develop the DLST approach (Table S2).  To assess the 484 

discriminatory power (D) of the DLST method, a single numerical index of discrimination [42] was 485 

calculated based on the probability that two unrelated, randomly sampled B. pseudomallei or B. mallei 486 

strains from our test population (n=1,523) would be placed in different typing groups.  Predicated on 32 487 

STs, the D value of this DLST was 0.8512. 488 

 DLST data was used to construct a phylogeographic tree (Fig. 3).  Individual branches depict the 489 

unique SNP signature, or allelic profile, for each ST.  The geographic origins of strains assigned to each 490 

ST are represented by color-coded pie charts at each terminal node. The largest number of B. 491 

pseudomallei strains (n=451) was assigned to ST-1, of which ~98% (n=440) geographically originate 492 

from Southeast Asia (Thailand, Singapore, Malaysia and Vietnam).  No Australian isolates were 493 

assigned to ST-1, and the four ST-1 strains described as originating from the United Kingdom are in fact 494 

laboratory cultures of the Thai B. pseudomallei strain K96243 (Table S3).  The B. pseudomallei 1026b 495 

reference strain is among the 416 isolates from Thailand that belong this DLST profile.   496 
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DLST revealed only B. pseudomallei strains with Southeast and East Asian origin (n=157) 497 

belonged to ST-4 (Table S3).  Nine STs unique to isolates from Thailand (n=63) were also resolved 498 

using DLST profiling.  These STs are depicted in tree branches with entirely red pie charts (Fig. 3).  499 

Additionally, a tenth ST (ST-5) included 91 B. pseudomallei from Thailand and one strain from the 500 

USA; the latter, CA2010, is ITS Type C and is more closely related to B. pseudomallei strains from 501 

Southeast Asia [37].  ST-18 consisted of five isolates specifically from Papua New Guinea; three from 502 

our initial set of B. pseudomallei genomes analyzed (strains K42, B03, and A79A) and two additional 503 

isolates from this more expansive DLST analysis (Table S2 and Table S3).  One other Papua New 504 

Guinean B. pseudomallei strain (MSHR139) was profiled by DLST and assigned to ST-3.  Only the 505 

country of isolation is listed in the SAMN02443743 sample information on NCBI, so it is unknown 506 

whether this strain was isolated from a melioidosis patient with travel history to other geographic 507 

locations.  All B. pseudomallei strains with French (n=5) and Pakistani (n=3) origin clustered together in 508 

ST-3.  509 

While the majority of B. pseudomallei isolates separate into 2 phylogenetic groups, Australia and 510 

Southeast Asia/rest of the world, a single strain (MSHR5858) with a unique MLST sequence type (ST-511 

562) is present in northern Australia, Taiwan, and southern China [58].  Although we observe four STs 512 

specific to a small number of Australian isolates (n=6), this DLST scheme does not completely support 513 

the separation of Australasian and Asian B. pseudomallei clades.  Comparable to ITS typing [24], we 514 

observed several STs (7) populated with strains originating from both Thailand and Australia (Fig. 3 and 515 

Table S3).  Two of these types, ST-7 and ST-9, were more common to Australia, encompassing 94% 516 

and 72% of the total number of strains.  Twelve of 13 B. pseudomallei isolates belonging to ST-11 were 517 

from Australia and the other was an outlier, CA2009, an ITS type G strain from the WH.  Prior to this 518 

more extensive DLST analysis, strain CA2009 resided alone on its own branch in the phylogeographic 519 

SNP tree based on the initial set of 101 B. pseudomallei strains (Fig. 2).   520 
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Five STs were observed that were unique to 34 B. pseudomallei strains from the WH.  ST-10 521 

was the most common DLST profile for WH isolates (n=13) followed by ST-12 (n=11).  Consistent with 522 

our preliminary DLST analysis which included six B. pseudomallei strains isolated from clinical and 523 

environmental samples in Puerto Rico and Florida, 6 additional strains from this same geographical 524 

region all clustered together in ST-12 (Fig 2, Fig. 3, Table S3).  DLST sequence type ST-22 contained 525 

three WH strains, two originating from Mexico and the other, strain TX2015, isolated from a 526 

melioidosis patient with travel history to Mexico [37].  Strains CA2007 and CA2013a, which were both 527 

isolated from Iguana iguana, remain the only two of 1,442 strains assigned to ST-25.  The two WH B. 528 

pseudomallei strains, designated as American in origin, that fall into ST-2 along with 218 strains from 529 

the EH are strain Bp1651, which formerly comes from Australia and 2014002816, which is a clinical 530 

isolate from a patient in Maryland with travel history to Africa.  531 

 532 

Conclusions 533 

The true global burden of B. pseudomallei infections is likely underestimated due to several factors 534 

including difficulty of diagnosis, insufficient methods for conventional identification, and limited 535 

diagnostic facilities [59].  Diagnosis and epidemiological analysis of B. pseudomallei are critical to 536 

ensure positive patient outcomes and investigate outbreaks, however, resource constraints may limit the 537 

laboratory techniques employed for routine testing.  Rapid, low-cost, and easy to perform methods that 538 

produce unambiguous results, portable between laboratories, may be more feasible to implement in such 539 

settings.  540 

We characterized genes encoding 10 predicted PBPs that were conserved among sequenced B. 541 

pseudomallei and B. mallei strains.  Within these genes, SNPs with utility for phylogeography and 542 

species differentiation were uncovered, markedly in those encoding the predicted PBP-3 (1) and PBP-3 543 
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(3) homologs. Using 11 polymorphic nucleotides identified within these two loci, a simple DLST typing 544 

scheme was developed and challenged with sequence data from over 1500 B. pseudomallei and B. 545 

mallei strains.  The willingness of research scientists worldwide to share B. pseudomallei and B. mallei 546 

genome sequences in publicly accessible databases strengthened this work.  While WGS offers the most 547 

comprehensive (and therefore has the potential to be the most accurate) method for determining the 548 

geographic origin of B. pseudomallei, lower resolution techniques such as MLST and ITS typing are 549 

useful tools for associating melioidosis cases to particular regions.  A limitation of the DLST described 550 

herein is the reduced discriminatory power compared to WGS and MLST. However, the DLST approach 551 

relies on only two gene targets and could be easily operationalized into a PCR test from a culture isolate 552 

(or optimized for testing directly from certain clinical specimens).  This simple test could be used to 553 

rapidly discern strains of closely related Burkholderia spp. and perform some phylogeographic 554 

reconstruction, most notably for WH B. pseudomallei isolates.  In summary, sequence typing methods 555 

based on conserved genes encoding PBPs in B. pseudomallei may be used to improve our current, 556 

targeted typing schemes, enhance our ability to link genetic data with geographic origin, and help 557 

differentiate closely related Burkholderia species, especially in settings where WGS may not be feasible.     558 

 559 

 560 

 561 

 562 

 563 

 564 

 565 
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Figure Legends 566 

Figure 1. DLST scheme based on 11 nucleotides in two genes (I0276 and II1314) encoding putative 567 

PBP-3s.  Nucleotide positions are based on sequence alignment to the B. pseudomallei 1026b reference 568 

strain. Nucleotides with phylogeographic utility (orange font) and utility for differentiating closely 569 

related Burkholderia species (purple font) are shown.  PBP conserved domains (blue bubbles), amino 570 

acid position of domains (blue font), active site residues and positions (red font). 571 

Figure 2. DLST SNP-based phylogeographic tree for the initial set of B. pseudomallei (n=101) and B. 572 

mallei (n=26). Each branch represents isolates with a distinct 11-nucleotide SNP signature determined 573 

by DLST.  B. pseudomallei strains are color-coded by geographic origin and SNPs used to differentiate 574 

B. mallei strains are shown in dark yellow. 575 

Figure 3. DLST SNP-based phylogeographic tree for the expansive set of B. pseudomallei (n=1,442, 576 

sequence types 1 to 31) and B. mallei (n=81, sequence type 32).  B. pseudomallei strains are color-coded 577 

by geographic origin. Western Hemisphere (WH), asterisk indicates WH and European countries 578 

Mexico, Ecuador, Venezuela, Czech Republic, and Switzerland.  579 
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