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ABSTRACT 

DETECTION AND PHYLOGENOMICS OF THE ENVIRONMENTAL OPPORTUNISTIC 

PATHOGEN, BURKHOLDERIA PSEUDOMALLEI, AND ITS CLOSE PHLYOGENETIC 

RELATIVES IN THE B. PSEUDOMALLEI COMPLEX 

CARINA MARIE HALL 

 Burkholderia pseudomallei, a Gram-negative environmental bacterium, is the causative 

agent of the disease melioidosis. Most melioidosis cases are reported from tropical regions in 

northern Australia and Southeast Asia where B. pseudomallei is endemic in the environment but 

the true global distribution appears to be much larger. The B. pseudomallei complex (Bpc) is a 

phylogenetic group of Burkholderia species that consist of B. pseudomallei and its closest 

phylogenetic relatives. Of the six described species in the Bpc, B. pseudomallei has adapted to 

opportunistic pathogenicity, B. mallei to obligate pathogenicity, and B. thailandensis, B. 

oklahomensis, B. humptydooensis, and B. singularis to environmental saprophytism with 

occasional pathogenicity (except B. humptydooensis). 

Determining where B. pseudomallei is present in the environment is crucial for 

understanding the potential risk to humans of acquiring melioidosis since almost all infections 

with B. pseudomallei are independently acquired from the environment. In Chapter 2, our goal 

was to gain a better understanding of the prevalence and geographic distribution of B. 

pseudomallei and other Burkholderia spp. in the environment in Puerto Rico. The results from 

Chapter 2 suggest that B. pseudomallei is widely dispersed but rare in the environment in Puerto 

Rico. In Chapter 3, we isolated a member of the Bpc, B. thailandensis, from the Western 

Hemisphere for the first time. B. thailandensis is of interest from a public health standpoint due 

to its potential to cause infection as a fortuitous pathogen and to the melioidosis community 
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since B. thailandensis is often used as a surrogate in the laboratory instead of B. pseudomallei 

due to the reduced restrictions required. In Chapter 4, we proposed two novel Bpc species, B. 

mayonis sp. nov. and B. savannae sp. nov., isolated from soils from multiple locations in 

northern Australia. The addition of B. mayonis sp. nov. and B. savannae sp. nov. results in a total 

of eight species within this significant complex of bacteria that are available for future studies. 

Understanding the genomics and virulence of B. pseudomallei and its closest relatives in Bpc is 

important for identifying robust diagnostic targets specific to B. pseudomallei and understanding 

evolution of virulence in B. pseudomallei.   
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PREFACE 

The format of this dissertation is in the journal format meaning that Chapters 2-4 are a series of 

papers that have been submitted or are being prepared for submission to professional journals 

and that Chapter 1 is an introductory and concluding chapter. The pronoun “we” is used 

throughout this dissertation to represent both my contributions and various other co-authors that 

contributed to these studies. Chapter 2, “Burkholderia pseudomallei, the causative agent of 

melioidosis, is rare but ecologically established and widely dispersed in the environment in 

Puerto Rico,” was published in the journal “PLOS Neglected Tropical Diseases” in September 

2019. Chapter 3, “For the first time Burkholderia thailandensis is isolated from the environment 

in the Western Hemisphere including the United States,” has been prepared as a dispatch for 

submission to the journal “Emerging Infection Diseases.” Chapter 4, “Expanding the 

Burkholderia pseudomallei complex with the addition of two novel species: Burkholderia 

mayonis sp. nov. and Burkholderia savannae sp. nov.,” was accepted in ASM’s Journal “Applied 

and Environmental Microbiology” in October 2021. 
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CHAPTER 1 Introduction 

Burkholderia pseudomallei is a Gram-negative soil bacterium that is the causative agent 

of the disease melioidosis (1). B. pseudomallei is one of the more pathogenic species of the 

genus Burkholderia which was recently divided into Burkholderia sensu stricto, 

Paraburkholderia, Caballeronia, Robbsia, and Pararobbsia. Together, these taxonomic groups 

comprise over 100 described species (http://www.bacterio.net/) that can have pathogenic, 

mutualistic, and/or commensal relationships with plants, animals, and/or humans (2-4). This 

division resulted in Burkholderia sensu stricto containing most of the opportunistic pathogens 

belonging to one of two major phylogenetic groups: the B. pseudomallei complex (Bpc) or the B. 

cepacia complex (Bcc). New species are regularly described in Burkholderia sensu stricto (5-

10), and the majority of these species are naturally found in the environment, primarily in soil 

and water (11). The Burkholderia sensu stricto is a group of diverse, primarily soil saprophytic, 

Gram-negative bacteria that have many strategies to survive and persist in soil. Species in the 

Bpc can also cause disease in humans and animals, with B. pseudomallei and B. mallei resulting 

in more severe disease; they are causative agents of the diseases melioidosis and glanders, 

respectively (1). Interestingly, B. mallei is a clone of B. pseudomallei that became the only 

obligate intracellular species in the Burkholderia genus following significant genome reduction 

in the process of becoming host-adapted to equines (12). In addition to B. pseudomallei and B. 

mallei, there are currently four other Burkholderia species assigned to the Bpc: B. thailandensis 

(13), B. oklahomensis (14), B. humptydooensis (6), and B. singularis (7). The taxonomy of this 

genus remains incomplete and new species are continued to be described (8, 15, 16).  

Due to the pathogenicity of B. pseudomallei, its potential to be aerosolized, and the often-

vague symptoms of melioidosis, B. pseudomallei was classified as a Tier 1 Select Agent by the 

http://www.bacterio.net/
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US Centers for Disease Control and Prevention (CDC) (17, 18). Melioidosis can be contracted 

via cutaneous inoculation, inhalation, or ingestion, and can present with extremely varied 

symptoms (19); these vague symptoms and diverse clinical presentations, along with culture-

based diagnostic anomalies, make it difficult to properly diagnose in clinical settings (18, 20). 

Because melioidosis can be difficult to diagnose, it is possible that B. pseudomallei is also 

present in the environment in other regions of the world and causing human disease in these 

areas but going undetected (21). Most melioidosis cases are reported from tropical regions in 

northern Australia and Southeast Asia where B. pseudomallei is endemic in the environment but 

the true global distribution appears to be much larger (21). As the awareness of B. pseudomallei 

grows, more melioidosis cases have been reported from areas outside of the commonly reported 

regions (22-25). In fact, a retrospective study identified 12 melioidosis cases in Panama during a 

ten period (26). Despite being commonly thought of as a tropical pathogen, B. pseudomallei 

causes disease and has been isolated from the environment in non-tropical regions around the 

world (22, 27-29). Interestingly, extreme weather events have been shown to lead to increased 

melioidosis cases in both endemic and non-endemic regions of the world (22, 29, 30).  

Currently, there are no vaccines against B. pseudomallei available, making rapid 

detection and specific antibiotic treatment crucial for favorable outcomes in infected humans. 

Successful antibiotic treatment typically includes a strict and long regimen of intravenous 

antibiotics, such as ceftazidime or meropenem, for at least two weeks, followed by oral 

antibiotics, such as co-trimoxazole, for up to six months (17, 18). However, treatment can be 

complicated by the fact that B. pseudomallei is intrinsically resistant to several clinically relevant 

antibiotics (31). Importantly, other Burkholderia species that co-exist with B. pseudomallei in the 

environment are known to have intrinsic resistance to other clinically relevant antibiotics, such as 
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meropenem resistance in B. ubonensis (32), and thereby represent a possible source of similar 

resistance in B. pseudomallei. 

Burkholderia thailandensis is often used as a surrogate in the laboratory for B. 

pseudomallei (33-35) due to the similarities between the closely related bacteria and that B. 

thailandensis has reduced restrictions as a non-Select Agent, BSL-2 organism. B. thailandensis, 

is also an environmental Gram-negative bacterium and is of interest from a public health 

standpoint due to its potential to cause infection as an opportunistic pathogen. B. thailandensis is 

the closest phylogenetic relative to B. pseudomallei. Similar to B. pseudomallei, B. thailandensis 

has primarily been described from the environment in Southeast Asia and northern Australia (36-

38). Recently B. thailandensis was identified in the environment in Africa, specifically in Sierra 

Leone (39), but overall the global distribution of B. thailandensis is largely unknown. B. 

thailandensis is difficult to distinguish from B. pseudomallei in the clinic due to the same 

biochemical phenotypes, except for the ability to assimilate L-arabinose (36, 40, 41). B. 

thailandensis was first described after researchers observed reduced virulence in what they 

thought was B. pseudomallei but the 16S rRNA gene phylogeny revealed a novel Burkholderia 

species that was later named B. thailandensis after the origin of the type strain, E264T, from 

Thailand (36). Human infections of B. thailandensis are not common but do occur (42). There 

have been three reported clinical cases of B. thailandensis in the Western Hemisphere, all from 

the southern U.S. in Louisiana in 1997, Texas in 2003 (40), and Arkansas in 2017 (42). Even 

with environmental sampling related to these clinical cases, B. thailandensis was never recovered 

from the environment. To date, the natural occurrence of B. thailandensis in the Western 

Hemisphere is poorly understood. It is important to note that until this study B. thailandensis had 

never been isolated from the environment in the Western Hemisphere.  
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Determining where the B. pseudomallei complex is present in the environment is crucial 

for understanding the potential risk to humans of acquiring melioidosis and other disease caused 

by Bpc. This is because almost all infections with Bpc (except for B. mallei) are independently 

acquired from the environment (27); human to human transmission of melioidosis is extremely 

rare (43). Understanding the genetic diversity within the Bpc is also of the utmost importance for 

B. pseudomallei molecular diagnostics. This is because as new species and strains are discovered 

the B. pseudomallei core genome continues to reduce and the accessory genome expand (5).  

The genome of B. pseudomallei is larger and more complex compared to most bacterial 

genomes. While the average bacterial genome is around 5 Mb (44), B. pseudomallei has a 

genome size of 7.2 Mb that comprises of two chromosomes. This large genome has about twice 

as much accessory genome as the core genome (45). The B. pseudomallei genome also has high 

amounts of homologous recombination it has about twice as much homologous recombination as 

Streptococcus pneumonia, an organism known for its high recombination (46). The largest 

chromosome consists of many functional genes, while the smaller chromosome has mostly 

accessory genes (47). Known areas of high recombination are termed genomic islands (48). 

Areas of high recombination are not randomly found throughout the genome but are more 

common in regions associated with virulence and survival. The recombination hotspots are found 

on both chromosomes but interestingly they are identified more often on chromosome 2. To 

further complicate this already complex genome, B. pseudomallei also has distinct restriction-

modification systems between different phylogenetic clades, allowing for gene exchange within 

clades but not across distinct clades (45). All the above items are important to take into 

consideration when building a phylogeny to ensure that the correct evolutionary model is being 

used and thus the correct phylogenetic conclusions are reached. 
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We used a systematic approach for the detection and isolation of B. pseudomallei, B. 

thailandensis, and two novel Burkholderia spp. belonging to the Bpc from soil and water 

samples collected in Texas, Puerto Rico, and Australia. The information gained from this study 

is vitally important to help understand where and how the Bpc persists in the environment and to 

better characterize the genetic diversity in the environment to assist with traceback studies of 

clinical strains to determine a potential geographic origin and source of exposure. 
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CHAPTER 2 Burkholderia pseudomallei, the causative agent of melioidosis, is rare but 

ecologically established and widely dispersed in the environment in Puerto Rico 

Abstract 

Background 

Burkholderia pseudomallei is a soil-dwelling bacterium and the causative agent of melioidosis. 

The global burden and distribution of melioidosis is poorly understood, including in the 

Caribbean. B. pseudomallei was previously isolated from humans and soil in eastern Puerto Rico 

but the abundance and distribution of B. pseudomallei in Puerto Rico as a whole has not been 

thoroughly investigated. 

Methodology/Principal Findings 

We collected 600 environmental samples (500 soil and 100 water) from 60 sites around Puerto 

Rico. We identified B. pseudomallei by isolating it via culturing and/or using PCR to detect its 

DNA within complex DNA extracts. Only three adjacent soil samples from one site were 

positive for B. pseudomallei with PCR; we obtained 55 isolates from two of these samples. The 

55 B. pseudomallei isolates exhibited fine-scale variation in the core genome and contained four 

novel genomic islands. Phylogenetic analyses grouped Puerto Rico B. pseudomallei isolates into 

a monophyletic clade containing other Caribbean isolates, which was nested inside a larger clade 

containing all isolates from Central/South America. Other Burkholderia species were commonly 

observed in Puerto Rico; we cultured 129 isolates from multiple soil and water samples collected 

at numerous sites around Puerto Rico, including representatives of B. anthina, B. cenocepacia, B. 

cepacia, B. contaminans, B. glumae, B. seminalis, B. stagnalis, B. ubonensis, and several 

unidentified novel Burkholderia spp. 

Conclusions/Significance 
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B. pseudomallei was only detected in three soil samples collected at one site in north central 

Puerto Rico with only two of those samples yielding isolates. All previous human and 

environmental B. pseudomallei isolates were obtained from eastern Puerto Rico. These findings 

suggest B. pseudomallei is ecologically established and widely dispersed in the environment in 

Puerto Rico but rare. Phylogeographic patterns suggest the source of B. pseudomallei 

populations in Puerto Rico and elsewhere in the Caribbean may have been Central or South 

America.  

Author Summary 

The objective of this study was to examine the distribution and abundance of Burkholderia 

pseudomallei in the environment in Puerto Rico. B. pseudomallei is a microbe that lives in soil 

and causes the disease melioidosis. We conducted sampling around Puerto Rico to survey for the 

presence of B. pseudomallei in the environment. Of the 600 environmental samples collected, we 

isolated live B. pseudomallei from just two soil samples collected from the same site, which was 

in a region of the island where B. pseudomallei had never been previously reported. These results 

suggest B. pseudomallei is widely dispersed but rare in the environment in Puerto Rico. B. 

pseudomallei isolates from Puerto Rico are most closely related to other strains from the 

Caribbean. Caribbean strains are inside a larger group that contained all analyzed isolates from 

Central/South America, suggesting that B. pseudomallei populations in the Caribbean may have 

been introduced from Central or South America. 

 

Introduction 

The Burkholderia genus is a group of diverse, primarily soil-dwelling, Gram-negative 

bacteria that have many strategies to survive and persist in soil, including acid tolerance (1) and 
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intrinsic antibiotic resistance (2). These species employ a wide variety of ecological strategies, 

including degradation of common pollutants, mutualistic relationships with plants, and also 

pathogenic relationships plants, humans, and/or animals (3-10). The taxonomy of this genus 

remains incomplete and new species are regularly described (3-5). The genus is commonly 

separated into two major phylogenetic groups: the B. pseudomallei complex (Bpc), consisting of 

B. pseudomallei and its most closely related phylogenetic relatives, and the B. cepacia complex 

(Bcc) (6). The Bcc includes a number of species that can be opportunistic pathogens of 

immunocompromised individuals, especially cystic fibrosis (CF) patients (7, 8). Some other 

Burkholderia species are not assigned to either of these complexes, including the important plant 

pathogens B. glumae and B. gladioli; B. glumae causes bacterial panicle blight, a devastating 

disease in rice plants (9).  

B. pseudomallei is the causative agent of the disease melioidosis and considered a Tier 1 

Select Agent by the US Centers for Disease Control and Prevention (CDC) (2, 10). Melioidosis 

can be contracted via cutaneous inoculation, inhalation, or ingestion, and can present with 

extremely varied symptoms (11); these vague symptoms and diverse clinical presentations, along 

with culture-based diagnostic anomalies, make it difficult to properly diagnose in clinical 

settings (2, 12). No vaccines against B. pseudomallei are currently available, making rapid 

detection and specific antibiotic treatment crucial for favorable outcomes in infected humans. 

Successful antibiotic treatment typically includes a strict and long regimen of intravenous 

antibiotics, such as ceftazidime or meropenem, for at least two weeks, followed by oral 

antibiotics, such as co-trimoxazole, for up to six months (2, 10). However, treatment can be 

complicated by the fact that B. pseudomallei is intrinsically resistant to several clinically relevant 

antibiotics (13). Importantly, other Burkholderia species that co-exist with B. pseudomallei in the 
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environment are known to have an intrinsic resistance to other clinically relevant antibiotics, 

such as meropenem resistance in B. ubonensis (14), and thereby represent a possible source of 

similar resistance in B. pseudomallei. 

B. pseudomallei has an “open genome” that can readily incorporate new genomic content 

via lateral gene transfer (15). As a result, it has a relatively large accessory genome (i.e. the 

genomic features variable present among different B. pseudomallei strains) and a relatively small 

core genome (i.e. the genomic features present in all B. pseudomallei strains). The core genome 

is currently estimated at ~1,600 genes but will likely continue to decrease due to a process 

known as core genome decay, just as the accessory genome will continue to increase (6). This is 

because, as additional B. pseudomallei genomes are generated from novel isolates, components 

previously identified as part of the core genome will be missing in some of the new genomes and 

completely novel components will also be identified, both of which increase the size of the 

accessory genome (6). Genomic islands, often associated with tRNA sequences (16), contribute 

much of the genomic diversity observed in the B. pseudomallei accessory genome and some are 

hypothesized to contain virulence components (16, 17). The adaptive potential of the large 

accessory genome in B. pseudomallei may be substantial, but remains poorly understood.  

Determining where B. pseudomallei is present in the environment is crucial for 

understanding the potential risk to humans of acquiring melioidosis. This is because almost all 

infections with B. pseudomallei are independently acquired from the environment (27); human to 

human transmission of melioidosis is extremely rare (18). B. pseudomallei has long been known 

to be endemic in tropical regions in northern Australia and Southeast Asia but the true global 

distribution appears to be much larger. Because melioidosis can be difficult to diagnose, it is 
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possible that B. pseudomallei is also present in the environment in other regions of the world and 

causing human disease in these areas but going undetected (19). 

The majority of Puerto Rico experience a tropical rainforest climate (Af) based on the 

Köppen climate classification which is commonly associated with the presence of B. 

pseudomallei and human melioidosis cases have been previously reported from the island. Since 

1982, there have been a total of seven reported human cases from Puerto Rico, all from the more 

populated eastern portion of the island (Fig 1) (20, 21). A recent human melioidosis case from 

Puerto Rico, in 2012, occurred in the southeast municipality of Maunabo. Subsequent soil 

sampling in this region in 2013 resulted, for the first time, in the isolation of B. pseudomallei 

from the environment in Puerto Rico (20). These previous human melioidosis cases (all but one 

with no travel history) and the isolation of B. pseudomallei from soil indicated that B. 

pseudomallei was present in the environment in Puerto Rico. The primary goal of this study was 

to gain a better understanding of the prevalence and geographic distribution of B. pseudomallei 

and other Burkholderia spp. in the environment in Puerto Rico. To achieve this goal, we 

conducted widespread soil and water sampling around the island and analyzed the samples using 

PCR and culture-based approaches to identify the presence of B. pseudomallei and other 

Burkholderia species. 

 

Materials and Methods 

Environmental sampling in Puerto Rico 

Methods for environmental sampling were based upon international consensus guidelines 

for sampling for B. pseudomallei in the environment (22), with additional modifications 

developed by the Menzies School of Health Research in Darwin, Australia (23). 
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Site selection. In April 2017, we surveyed for B. pseudomallei in Puerto Rico by collecting and 

analyzing 600 environmental samples (500 soil and 100 water) from 50 soil sites and 10 water 

sites around the island. During the month sampling prior to sample collection, Puerto Rico 

received 5.48 inches of rain in March 2017 and during the month of sample collection Puerto 

Rico received 4.68 inches of rain in April 2017. This was 192% above the normal rainfall 

expected in March and 138% above the normal rainfall expected in April (24, 25). At the start of 

this study, limited information was available regarding the presence of B. pseudomallei in the 

environment in Puerto Rico; a single positive soil sample was identified from a site associated 

with a previous melioidosis cases (20). Because of this, we did not perform systematic sampling 

across the entire island but, rather, focused our sampling efforts on locations that we suspected 

would be most likely to harbor B. pseudomallei. Within many endemic regions, such as the 

tropical Top End of Australia (26) and Laos (27, 28), B. pseudomallei is found more often at 

lower elevations. For this reason, we focused our sampling efforts in lower elevation areas near 

the outer perimeter of Puerto Rico (Fig 1). In addition, in some endemic regions a greater 

abundance of B. pseudomallei has been documented from soils in agriculture lands as compared 

to non-agriculture lands (29, 30). We primarily targeted agricultural lands even though other 

studies have also shown non-agriculture land can also contain a high prevalence of B. 

pseudomallei (31, 32). As a result, we targeted agricultural lands with farm animals, farming, 

and/or irrigation present. The 60 sites where we collected environmental samples included 53 

sites located on agriculture lands, three sites located in natural reserves with little human impact, 

and four sites on public lands when nearby agriculture sites were not suitable for environmental 

sampling or were inaccessible. Permission was received from landowners to collect soil and/or 

water samples on their property and, when necessary, permits were obtained to collect soil and/or 
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water samples from reserve lands. Because all previous reports of B. pseudomallei from humans 

and the environment in Puerto Rico originated in the eastern portion of the island, suggesting that 

it may be limited to that geographic region (33), we sampled more intensively in that region (Fig 

1). 

Soil sampling. At each soil collection site, separate samples were collected at a depth of 30cm 

below the surface from ten different holes spaced 2.5 meters apart along a single linear transect. 

Approximately 30g of soil from each sample was placed into a clean 50mL conical tube and 

stored in a covered insulated container in the shade to prevent direct UV exposure. Digging tools 

and other equipment were cleaned and decontaminated between samples to prevent cross 

contamination between samples and sites: equipment was first scrubbed with water to remove 

any large soil particles and then sprayed with 70% isopropyl alcohol to decontaminate. Soil pH 

for each sample was measured using a calibrated handheld pH meter: approximately 10g of soil 

was placed into a 50mL conical tube containing 40mL of DI water and the soil/water mixture 

was shaken by hand until the mixture was well homogenized and, following a 1-minute 

incubation at ambient temperature, the pH was measured using an Oakton EcoTestr® pH 2 

Waterproof pH Tester, with the pH reading recorded once the value stabilized. 

Water sampling. At each water collection site, ten samples were collected along a single linear 

transect with samples collected approximately 2.5 meters apart, when possible. For each sample, 

1L of water was collected into a Whirl-Pak® bag, utilizing an extendable sampling pole when 

needed. At sites with flowing water, samples were collected near the water edge where there was 

less disturbance from the current. Water pH was measured from the first and last water samples 

at each site using a calibrated Oakton EcoTestr® pH 2 Waterproof pH Tester and the pH readings 

were recorded once the pH values stabilized. Water samples were stored out of direct sunlight at 
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ambient temperature until ready for filtering. The water samples were filtered in Puerto Rico 

using a Sartorius water filtration device that consisted of a Combisart® 3 branch manifold with 

250mL sterile funnels containing Microsart® filters (cellulose nitrate, 47mm diameter, 0.2µM 

pore size) and a Microsart® EJet pump. Sterile Minisart® syringe filters (25mm, 0.2µm PTFE) 

were attached to each branch on the apparatus for sterile venting. Each water sample was split 

into three parts so that each water sample was filtered through three different filters. Once a 

water sample was completely filtered, all three filters were collected using sterile forceps and 

placed into a single sterile 50mL conical tube. All soil samples and filters from water samples 

were shipped at ambient temperatures to Northern Arizona University (NAU) and stored in the 

dark at ambient temperature until processed. 

Culturing Burkholderia species. All culturing activities occurred at NAU and were conducted 

within containment using a biosafety cabinet in a BSL-2 laboratory, or in a Select Agent BSL-3 

facility when B. pseudomallei was identified; all requisite entities were notified after detection of 

B. pseudomallei. Culturing followed international consensus guidelines (22) with specific 

modifications as previously described (34). In short, 20g of soil was aseptically placed into a 

sterile 50mL bio-reaction tube with a hydrophobic membrane cap for venting (CellTreat®, 

Pepperell, MA) that contained 20mL of sterile water. The soil and water mixture was vortexed 

until homogenized while using Parafilm® to cover the tube to prevent the filter cap from 

becoming saturated. The samples were then incubated for 48 hours at 37°C while shaking at a 

speed to achieve aeration. After 48 hours, the shaking was stopped and the samples were allowed 

to settle for one hour before handling. A glycerol stock was created by adding 1mL of the top 

layer of the soil/water solution into a 2mL cryovial containing 500µL of concentrated Luria-

Bertani (LB) broth and glycerol, resulting in a final concentration of 1 x LB broth with 20% 
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glycerol. This glycerol stock was stored indefinitely at -80°C to serve as a backup culturing 

reserve. Then, 10µL from the top layer of the water/soil solution was plated on a small portion of 

half of an Ashdown’s agar plate (containing 4mg/mL of gentamycin) and streaked for isolation 

using the rest of the same half of the plate. 100µL of the top layer of the water/soil solution was 

plated on the other half of the Ashdown’s agar plate. 

 An enrichment culture in Ashdown’s broth was then initiated to favor growth of B. 

pseudomallei and other Burkholderia spp. 10mL of the soil/water solution was transferred into a 

new 50mL filter cap conical tube containing 30mL of Ashdown’s broth (containing 50mg/L of 

colistin). For water samples, all three filters from one water sample were added to a 50mL filter 

cap conical tube containing 30mL of Ashdown’s broth (containing 50mg/L of colistin). Both soil 

and water samples in Ashdown’s broth were incubated at 37°C for seven days while shaking at 

130rpm. During incubation, we sampled repeatedly from these enriched broth cultures to test for 

the presence of B. pseudomallei. First, 3mL of the Ashdown’s broth incubated 2-5 days was 

placed into a new tube and pelleted at 3,750 x g for 10 minutes. The supernatant was removed 

and the pellet was stored at -20°C until ready for DNA extraction (described below). Second, we 

removed 10µL and 100µL from the top layer of the Ashdown’s broth to culture onto a new 

Ashdown’s agar plate after both two and seven days of incubation. Each of the above Ashdown’s 

plates was examined after 48 hours of incubation at 37°C for any colonies of interest. A sub-

culture was performed onto a new Ashdown’s agar plate if a colony had an appearance similar to 

B. pseudomallei: lavender to purple colonies, dry, slightly textured, with a raised dome or fried-

egg morphology, and dimpled/wrinkled centers (35-37). All sub-culture plates were incubated at 

37°C for 48 hours until DNA extraction. 
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Meropenem susceptibility. Meropenem susceptibility was determined for 11 B. ubonensis 

strains and two B. pseudomallei strains (Bp9039 and Bp9110) using Etests (bioMérieux, 

Durham, NC). The meropenem minimal inhibitory concentration (MIC) for six of the 11 B. 

ubonensis strains was previously described (14) and all meropenem Etests were conducted using 

the same methods described in that previous work. Briefly, an isolate was grown with the Etest 

on Mueller Hinton agar for 24 hours at 37°C and then zones of inhibition were recorded. 

Detection of B. pseudomallei and Burkholderia spp. PCR was used for the detection of B. 

pseudomallei and Burkholderia spp. in DNA extracts taken from enrichment cultures of 

Ashdown’s broth. The microbial community in the Ashdown’s broth was screened for the 

presence of B. pseudomallei using a real-time PCR assay that targets orf2 in the type three 

secretion system 1 (TTS1) cluster of B. pseudomallei (38). DNA was extracted from the stored 

pelleted broth using QIAamp® Fast DNA Stool Mini Kit (QIAGEN, Germantown, MD) 

following the manufacturer’s instructions, after first re-suspending the broth pellet with 1mL of 

the InhibitEX Buffer. All Ashdown’s broth DNA extractions were diluted to 1/30 using 

molecular grade water. As a quality control step, the DNA extractions were first screened with a 

real-time SYBR PCR assay using published conditions (39) of universal 16S rRNA primers (40). 

If the 16S PCR confirmed that the DNA extractions were successful, then the DNA dilutions 

were screened in duplicate with a TaqMan assay targeting TTS1 to detect the presence of B. 

pseudomallei DNA (38). Any broth extractions that were initially positive for B. pseudomallei 

with the TTS1 assay were then screened again in triplicate using the same assay; all real-time 

TaqMan assays were run on ThermoFisher 7900 instruments. Any sample in which the 

Ashdown’s broth community had a signal for B. pseudomallei resulted in even more intensive 

culturing efforts for that particular soil sample, all within NAU’s Select Agent BSL-3 facility. 
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These additional culturing efforts included plating stored glycerol stocks that were created from 

the soil/water solution (before Ashdown’s broth inoculation) onto fresh Ashdown’s agar plates. 

All Ashdown’s agar plates were heavily sub-cultured for colonies with morphologies of interest 

(see above). In some cases, the culturing process was also repeated with a new aliquot of 20g of 

raw soil. 

Single sample B. pseudomallei isolates. To investigate the diversity of B. pseudomallei within 

single soil samples (23-07 and 23-09), multiple suspected B. pseudomallei colonies were selected 

from the Ashdown’s plates created from the soil glycerol stock. All confirmed B. pseudomallei 

isolates were whole genome sequenced (see below). 

Other Burkholderia spp. A crude DNA extraction followed by an assay that is largely specific 

to Burkholderia was performed to determine if a colony morphology of interest was a 

Burkholderia spp. DNA was extracted from sub-cultured colonies from the Ashdown’s agar 

plates using a 5% Chelex®-100 heat soak method (41, 42). Using standard PCR, these DNA 

extracts were screened with Burkholderia specific primers BUR3 (43) and BUR5 (35), which 

target a 365bp region of the recA gene; PCR conditions were as previously described (34). The 

PCR product was run on an agarose gel and, if a band was present at the target size (365bp), 

Sanger sequencing was conducted using methods for both procedures as previously described 

(34). Resulting amplicon sequences were searched using NCBI BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify isolates to genus. These approaches also 

identified other soil-dwelling genera from our samples, such as Cupravidus, Delftia, 

Pseudomonas, and Ralstonia; however, only Burkholderia spp. are reported herein. 

All molecularly-confirmed B. pseudomallei and other Burkholderia spp. were processed 

for long-term storage and whole genome sequencing. A total of three isolation streaks were 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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performed using Ashdown’s agar plates. A single colony was then selected to produce a lawn on 

a Luria-Bertani (LB) agar plate that was used to create glycerol stocks that are stored indefinitely 

at -80°C for future use. High quality genomic DNA for whole genome sequencing was extracted 

from purified isolates using a DNeasy® Blood & Tissue Kit (QIAGEN, Germantown, MD), 

following the manufacturer’s instructions. Prior to sequencing, DNA extractions were screened 

again with the TTS1 or recA PCR assays described above to confirm species identification. 

Controls were used for all real-time and standard PCR reactions. These included DNA from a 

reference B. pseudomallei strain (K96243) as a positive control, and water for no-template 

controls (NTCs). 

Whole genome sequencing. DNA library construction for whole-genome sequencing (WGS) 

was performed using KAPA Hyper Prep Kits (Roche, Pleasanton, CA) for Illumina NGS 

platforms per manufacturer’s protocol, with double-sided size-selection performed after 

sonication. Dual indexing was used (44) with adapters and 8bp index oligos from IDT® 

(Integrated DNA Technologies, San Diego, CA) used in place of those supplied in the KAPA kit. 

The final libraries were quantified on an Applied Biosystems™ QuantStudio™ 7 Flex Real-

Time PCR System (Invitrogen, ThermoFisher) using the KAPA SYBR® FAST ROX Low qPCR 

Master Mix (Roche, Pleasanton, CA) for Illumina platforms. The libraries were then pooled 

together at equimolar concentrations and quality was assessed with a Bioanalyzer DNA 1000 

chip (Agilent Technologies, Santa Clara, CA). Final quantitation by qPCR preceded sequencing 

of the final library. Final pools were sequenced on the Illumina MiSeq platform (Illumina, San 

Diego, CA) with the 600-cycle v3 kit for 250 cycles. 
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Genome assembly. Genomes were assembled with SPAdes v3.11.0 (45). Contigs that showed 

an anomalously low depth of coverage or aligned to known contaminants based on BLASTN 

(46) alignments against the GenBank (47) nt database were manually removed. 

MLST. Multi-locus sequence typing (MLST) was performed in silico on the B. pseudomallei 

and other Burkholderia spp. genomes, respectively, using information from the existing MLST 

typing scheme for B. pseudomallei (48) and the existing MLST typing scheme for the B. cepacia 

complex (49). All MSLT data, including novel allele sequences and sequence types (STs), were 

submitted to PubMLST databases, either the B. pseudomallei MLST database 

(https://pubmlst.org/ bpseudomallei/) or B. cepacia complex MLST database 

(https://pubmlst.org/bcc/) (50). Novel STs found in this study are presented in S1 Table.  

SNP calling and phylogenetics. To construct a Burkholderia spp. phylogeny (not including B. 

pseudomallei), genome assemblies from Burkholderia spp. collected in this study (S1 Table), 

along with a set of reference Burkholderia spp. genomes (S2 Table), were aligned against the 

reference B. pseudomallei genome K96243 (51) using NUCmer (52); single nucleotide 

polymorphisms (SNPs) were then identified using NASP (53). To construct a B. pseudomallei 

only phylogeny, raw reads were aligned against K96243 with BWA-MEM (54) and SNPs were 

called with the UnifiedGenotyper method in GATK (55). For both methods, SNPs that fell 

within duplicated regions, based on NUCmer reference self-alignment, were filtered from 

downstream analyses. Maximum likelihood phylogenies were inferred from concatenated SNP 

alignments using IQ-TREE v1.6.1 (56) and 1,000 bootstrap replicates. Additionally, to estimate 

Bayesian time to most recent common ancestor (TMRCA) for each separate B. pseudomallei 

chromosome, individual SNP matrices and phylogenies were generated that included genome 

assemblies from eight B. pseudomallei isolates from Puerto Rico (n=7) and Trinidad (n=1) with 
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three B. pseudomallei isolates from Martinique (S2 Table) to serve as an outgroup. Although 

both chromosomes 1 and 2 were analyzed separately, no molecular clock signal was detected for 

chromosome 2. As such, only chromosome 1 was used for all subsequent molecular clock 

analyses. 

Comparative genomics. A pan-genome analysis was performed on all new B. pseudomallei 

genomes generated in this study (S3 Table) using the Large scale BLAST score ratio (LS-BSR) 

pipeline with a 0.95 BSR threshold (57) and the blat (58) alignment option. Coding regions that 

were variably conserved were extracted from the matrix and visualized with the Interactive Tree 

of Life (59). Similar approaches were used to determine, within the set of reference genomes (S2 

Table), the presence/absence in the reference genomes of coding regions that were variably 

conserved in the new B. pseudomallei genomes from Puerto Rico (S3 Table). 

Genomic island identification. From the BSR results, we identified regions that were variably 

conserved in the genomes of B. pseudomallei isolates obtained from site 23 but were absent from 

other, geographically diverse B. pseudomallei genomes. From the NCBI PGAP annotation, we 

identified coding and flanking regions that were associated with identified genomic islands. To 

screen for the presence of these genomic islands in other Burkholderia spp., we screened all 

coding regions associated with genomic islands against all Burkholderia spp. genomes with LS-

BSR, using a BSR threshold of >0.8 for presence; a lower threshold was used as diverse species 

were being screened. The structures of the genomic islands were visualized with the genoPlotR 

R package (60) using the PGAP annotation. 

Root-to-tip regression analysis. Using the SNP alignment of chromosome 1 from the Puerto 

Rico sample subset, the program Gubbins (61) was used to test for and remove recombination, as 

this can confound divergence-dating analyses; all subsequent timing analyses were performed 
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with the resulting data. A temporal signal was assessed in the program TempEst version 1.5.1 

(62) using regression analysis implementing root-to-tip genetic distance as a function of the 

sample year. A measure of clocklike behavior was assessed using the determination coefficient 

R2, with the best-fitting root selected to maximize R2. To evaluate the significance of the 

regression analysis, we performed 10,000 random permutations of the sampling dates over the 

sequences (63).  

Estimations of divergence times. A Bayesian relaxed molecular clock using tip dating was 

applied using the BEAST version 1.8.4 software package (64) to estimate the TMRCA for 

chromosome 1 of eight Puerto Rico isolates using three B. pseudomallei isolates from Martinique 

as an outgroup. The best nucleotide substitution model was inferred using the Bayesian 

information criterion and MEGA7 software (65). BEAST analysis was run with a correction for 

invariant sites by specifying a Constant Patterns model in the BEAST xml file. A “path and 

stepping stone” sampling marginal-likelihood estimator was used to determine the best-fitting 

clock and demographic model combinations (66). The log marginal likelihood was used to assess 

the statistical fits of 10 clock and demographic model combinations. Four independent chains of 

750 million iterations each were run for the best clock and demographic model combination. 

Convergence among the four chains was confirmed in the program Tracer (version 1.6.0) (67). 

Molecular clock and demographic combination testing was performed using strict and relaxed 

molecular clocks in combination with five demographic priors. Model combinations that failed 

to converge were discarded.  

YLF and ITS typing. The presence/absence of the Yersinia-like fimbrial (YLF) gene (68) in all 

new B. pseudomallei strains collected in this study was determined by LS-BSR (accession 

sequence YP_110141.1). In addition, all new isolates were typed for length polymorphisms in 
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the 16S-23S internal transcribed spacer (ITS) (69) by LS-BSR [accession sequences type C 

(FJ981718.1), type G (FJ981723.1), and type E (FJ981706.1)]. 

Data accession. All short reads and genome assemblies were submitted to GenBank under 

BioProject accession PRJNA451205. Accession numbers for individual genomes are shown in 

S1-2 Tables. 

 

Results 

B. pseudomallei was found in the environment at one new location in Puerto Rico  

Our broad environmental survey in April 2017 resulted in the identification of B. 

pseudomallei from soil samples collected at only one new location, in the northern municipality 

of Arecibo (Fig 1). Just three of the DNA extracts obtained from the 600 enriched Ashdown’s 

broth samples contained B. pseudomallei DNA; B. pseudomallei was not detected in any of the 

100 water samples. The positive samples originated from three adjacent soil samples collected 

from a single sampling site (site 23; Fig 1). Site 23 was located on a farm in the municipality of 

Arecibo where swine, goats, chickens, and cattle were present. DNA extractions from three 

Ashdown’s broth samples (23-07, 23-08, and 23-09) tested positive with the B. pseudomallei-

specific TTS1 PCR assay (run in triplicate). It is important to note that the presence of B. 

pseudomallei DNA in these complex DNA samples did not definitively indicate that live B. 

pseudomallei was present in the enriched broth samples or the original soil samples. However, 

this information allowed us to refocus our culturing efforts on these samples to attempt to isolate 

B. pseudomallei. Two of the three soil samples did yield B. pseudomallei cultures: B. 

pseudomallei isolate Bp9039 was obtained from soil sample 23-07 on the first culturing attempt, 

and a second round of culturing from another 20g of soil from sample 23-09 yielded B. 
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pseudomallei isolate Bp9110. Additional rounds of culturing yielded other isolates from 23-07 

and 23-09 (S3 Table) but no B. pseudomallei isolates were ever obtained from soil sample 23-08 

despite a positive B. pseudomallei DNA signal from the Ashdown’s broth extraction and 

multiple attempts at culturing; this is not an uncommon occurrence when surveying for B. 

pseudomallei in the environment (22). B. pseudomallei isolates Bp9039 and Bp9110 were both 

susceptible to meropenem; other collected B. pseudomallei isolates were not tested. 

pH of environmental samples 

The pH of the soil samples collected around the island varied greatly from highly acidic to highly 

alkaline, whereas the water samples varied from a neutral pH to a highly alkaline pH (S4 Table). 

All soil samples across all sites had an average pH of 7.3 with a range of 3.2-11 and all water 

samples from all sites had an average pH of 7.8 with a range of 6.8-10.2. The three B. 

pseudomallei-positive soil samples from site 23 (07, 08, and 09) yielded pH values of 4.9, 4.9, 

and 5.1, respectively. The pH of soil samples 01-06 from site 23 were 7.6, 7.2, 7.0, 5.1, 6.2, and 

6.8, respectively; the pH of soil sample 10 from site 23 was 4.9. No association between soil pH 

and the occurrence of B. pseudomallei was detected in this study, which was not unexpected 

given the very small number of B. pseudomallei-positive soil samples (n=3).  

B. pseudomallei isolates from this study are similar to previous isolates from Puerto Rico 

Within a core genome phylogeny of 414 globally diverse B. pseudomallei isolates (Fig 2, 

S2 Table), two B. pseudomallei isolates from the municipality of Arecibo (Bp9039 and Bp9110) 

are highly similar to each other (both isolates were assigned to MLST ST297) and are nested 

within a large monophyletic group that contains all included B. pseudomallei isolates from other 

locations in the Caribbean, Central and South America, Mexico, and Africa (Fig 2, panel B). 

Within this larger group, the new isolates from Puerto Rico and the previous B. pseudomallei 
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isolates obtained from Puerto Rico form a distinct subgroup together with one isolate from 

Trinidad. Within that subgroup are two distinct lineages: one including the new environmental 

isolates from Arecibo with some previous clinical isolates from Puerto Rico, and a second 

lineage including the previous environmental isolates collected near the 2012 clinical isolate 

from Maunabo, as well as the one 2012 clinical isolate from Trinidad.  

The root-to-tip regression analysis identified weak clocklike behavior among the Puerto 

Rico and Martinique sample set with an R2 value of 0.1201. However, the positive regression 

slope indicates molecular clock analysis is still reliable for mutation rate estimation (70). The 

best-fitting nucleotide substitution model implemented based on MEGA7 model testing was 

GTR. The 10,000-date randomization permutation testing produced a p-value of 0.184, 

suggesting that the R2 value produced in the root-to-tip regression analysis was not statistically 

different than random chance. Stepping-stone and path-sampling analyses did not show marked 

differences; a relaxed clock and extended Bayesian skyline plot was selected as the model 

combination for this analysis. The BEAST timing analysis had a mean estimate of the year 1950 

(95% HPD, 1923 to 1975; S1 Fig) for the TMRCA of chromosome 1 for the eight B. 

pseudomallei isolates from Puerto Rico and Trinidad. The evolutionary rate was estimated at 

5.01E-6 (95% HPD, 2.81E-6 to 8.28E-6) for all eight samples and the Martinique outgroup. This 

is in contrast to another study that found an evolutionary rate of 1.80E-6 (95% HPD, 1.36E-6 to 

2.66E-6) for chromosome 1 for multiple B. pseudomallei isolates from the Americas (71).  

B. pseudomallei genomic diversity observed from a single sampling site 

We observed fine-scale genomic diversity among multiple B. pseudomallei isolates 

obtained from a single sampling site and even from a single soil sample. A total of 55 B. 

pseudomallei isolates were isolated from two soil samples at site 23, with 50 isolates from soil 
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sample 23-07 and five isolates from soil sample 23-09 (S3 Table). It is important to note that 

these isolates were obtained from enriched culture medium so it is possible that less than 55 

individual B. pseudomallei cells were present in the original samples. All 55 isolates were similar 

in regards to being assigned to the same ST (297) and to ITS type G; they all also contained the 

YLF gene cassette. However, variation was still observed among these strains in the core 

genome phylogeny (48 unique SNP genotypes were identified among the 55 isolates). There are 

three distinct clades (A-C) observed in the core genome phylogeny for these isolates, with 

isolates from soil sample 07 (n=50) assigning to all three clades, while all isolates from soil 

sample 09 (n=5) assigned to just clade A along with two of the isolates from soil sample 07 (S2 

Fig). Interestingly, there were two B. pseudomallei isolates from different soil samples (Bp9046-

sample07 and Bp9110-sample09) that were very similar: these two strains exhibit no SNP 

differences in the core genome (S2 Fig).  

We identified four distinct genomic islands (GI1-GI4) among the 55 B. pseudomallei 

isolates obtained from site 23 (Fig 3), and these contain a subset of genes not found in any other 

B. pseudomallei genomes. The insertion of these genomic islands appears to be associated with 

tRNA gene loci (data not shown), which is similar to previous patterns described from B. 

pseudomallei (16). GI1 (comprised of 61 genes; S5 Table) is conserved across all 55 of the B. 

pseudomallei isolates from site 23, whereas GI2 (comprised of 15 genes; S5 Table), GI3 

(comprised of 29 genes; S5 Table), and GI4 (comprised of 5 genes; S5 Table) are variably 

present among the 55 isolates from site 23 (Fig 3B). The accessory genome of the 55 B. 

pseudomallei isolates from site 23 is comprised of 58 genes: 49 (1-49; S2 Fig, S5 Table) are 

contained in GI2, GI3, and GI4 and nine others occur at different genomic locations (50-58; S2 

Fig, S5 Table). GI2 is conserved among clade A isolates but not found in the other two clades, 
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GI3 is conserved among clade B isolates but not found in the other two clades, and GI4 is 

conserved among clade B isolates and variably present in clade A and clade C isolates (S2 Fig). 

None of the four genomic islands were found in a complete form in 412 other globally diverse B. 

pseudomallei genomes that were examined, including the genomes of B. pseudomallei isolates 

obtained from other locations in Puerto Rico (Fig 3B, S5 Table), nor in the genomes of 781 other 

Burkholderia spp. isolates (S5 Table). A majority (n=44) of the 61 genes within GI1 were found 

in at least one of the genomes of the 1,193 other B. pseudomallei and/or Burkholderia spp. 

isolates that were examined, but the other 17 genes in GI1 were only found in the site 23 isolates 

(S5 Table); none of the genes in GI2 were found in these other genomes (S5 Table). A majority 

of the genes within GI3 (25/29) and GI4 (4/5) were not found in any of the other 1,193 genomes, 

but all of the nine accessory genes that occurred outside of the genomic islands were found in 

other B. pseudomallei genomes and some were also found in the genomes of other Burkholderia 

spp. (S5 Table). Interestingly, it was more common for genes from GI1 and GI3 to be found in 

the genomes of other Burkholderia spp. than in the genomes of other, global B. pseudomallei 

isolates (S5 Table).  

Widespread environmental dispersal of many other Burkholderia species 

 A number of other Burkholderia species are widespread and common in both soil and 

water throughout Puerto Rico (S4 Table). A total of 686 sub-cultures were selected from 

Ashdown’s agar plates from 301 soil samples (collected from all 50 soil collection sites) and 77 

water samples (collected from all 10 water collection sites). Of these sub-cultures, 129 were 

identified as members of the Burkholderia genus according to the sequence of a recA gene 

fragment. Most of the 129 Burkholderia isolates (n=104) were isolated from 61 different soil 

samples (originating from 20 of the 50 soil sampling sites), with only 25 isolated from 22 
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different water samples (but originating from seven of the 10 water sampling sites). Burkholderia 

spp. were cultured from the environment in 21 of the 41 sampled municipalities within Puerto 

Rico. It is important to note that this does not indicate that there were not Burkholderia spp. 

present in the environmental samples collected at the other 20 municipalities, only that we did 

not successfully culture any Burkholderia spp. from environmental samples collected from those 

locations using our methods.  

The 129 Burkholderia spp. isolates were identified in a whole genome phylogeny (Fig 4) 

as follows: B. anthina (n=2), B. cenocepacia (n=29), B. cepacia (n=15), B. contaminans (n=5), 

B. glumae (n=1), B. seminalis (n=2), B. stagnalis (n=36), B. ubonensis (n=11), and other 

unidentified novel Burkholderia spp. (n=28) (S1 Table). A total of 332 novel MLST alleles were 

identified from the 129 isolates, resulting in 102 novel STs (S1 Table). All Burkholderia isolates 

cultured from this study belong to the B. cepacia complex with the exception of B. glumae, 

which is genetically distinct from both the Bpc and Bcc. The single B. glumae isolate was 

identified from a water sample collected in Patillas, Puerto Rico. B. ubonensis appears 

widespread throughout Puerto Rico, with 11 isolates obtained from five municipalities spread 

across the island [Barceloneta (n=1), Cabo Rojo (n =4), Ceiba (n=4), Juncos (n =1), and 

Maunabo (n=1); S4 Table]. All 11 B. ubonensis isolates were resistant to meropenem 

(>32µg/mL) (S1 Table). 

 

Discussion 

B. pseudomallei is ecologically established and widely dispersed in the environment in Puerto 

Rico but rare. It has now been isolated from soil samples from two regions of the island 

separated by >100 kilometers (Fig 1). Despite this widespread geographic distribution, it is also 
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quite rare in the environment in Puerto Rico. Even with extensive sampling at 60 different soil 

and water sites located around the island (Fig 1), B. pseudomallei was detected at just one of the 

50 soil sampling sites and was not detected at any of the 10 water sampling sites. The new 

location where 55 B. pseudomallei soil isolates were obtained is in the central northern 

municipality of Arecibo; to date, there have been no reports of human melioidosis nor collection 

of environmental B. pseudomallei isolates from this region. The only previously reported human 

melioidosis cases from Puerto Rico were reported from municipalities located on the eastern 

region of the island, and the same is true for the two environmental soil isolates (obtained from 

the same soil sample) previously reported from this region (20) (Fig 1). Of note, in this study we 

did not detect B. pseudomallei from environmental samples collected in the eastern portion of the 

island even though we sampled more extensively in this region because the previous human and 

environmental isolates were obtained there. This result is also suggestive of the overall rarity of 

B. pseudomallei in the environment in Puerto Rico. 

B. pseudomallei also appears to be rare locally in the environment of Puerto Rico at sites where it 

is present. When B. pseudomallei was previously detected in southeastern Puerto Rico it was 

only isolated from one of 20 soil samples collected from a single neighborhood (20). Similarly, 

at the one site where B. pseudomallei was isolated from soil in this current study it was only 

detected in three of the 10 soil samples collected at that site, and these three B. pseudomallei-

positive soil samples were adjacent to one another (thereby separated by <5 m). These findings 

suggest a locally clumped distribution for B. pseudomallei in the environment in Puerto Rico, a 

pattern that has also been reported from highly-endemic regions, such as northeast Thailand (72). 

In addition, it is possible that B. pseudomallei is also rare at the level of individual soil samples 

in Puerto Rico because we made multiple attempts to successfully isolate it from one of the soil 
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samples (23-09) and we were never able to isolate it from another soil sample (23-08) despite 

multiple attempts and a PCR result that indicated that B. pseudomallei DNA was present in DNA 

extracted from that same soil sample. This is in contrast to patterns from highly endemic regions, 

such as Thailand and northern Australia, where hundreds of B. pseudomallei isolates can often be 

obtained from a single soil sample (31, 73, 74). 

The overall rarity of B. pseudomallei in the environment in Puerto Rico may be due to unsuitable 

environmental conditions. A recent study (19) estimated global environmental suitability for B. 

pseudomallei based upon predicted models developed using location data from >22,000 

documented human and animal cases, which were primarily from highly endemic settings in 

southeast Asia and northern Australia. In the western hemisphere, this analysis predicted high 

environmental suitability for B. pseudomallei in large areas of northern South America, portions 

of Central America and Mexico, and several small areas in the southern United States. In 

contrast, it predicted low environmental suitability for B. pseudomallei for most locations in the 

Caribbean with a few exceptions. One of those exceptions was along the northwest coast of 

Puerto Rico, including the location in the municipality of Arecibo where we isolated B. 

pseudomallei in this study. That said, it is important to note that this same model predicts low 

environmental suitability for B. pseudomallei for the rest of Puerto Rico, including the eastern 

portion of the island where the previous B. pseudomallei-positive soil sample was collected and 

all previous known human melioidosis cases occurred (Fig 1).  

It seems likely that B. pseudomallei was introduced to Puerto Rico relatively recently, 

possibly from other locations in the Caribbean. A recent introduction of B. pseudomallei would 

provide another explanation for why B. pseudomallei is rare in the environment in Puerto Rico. 

Several previous phylogenomic studies of B. pseudomallei have all noted a consistent pattern in 



37 

 

which isolates from the Americas cluster together on a single branch that emerges from the 

larger clade African clade. Thus, the leading hypothesis for the introduction of B. pseudomallei 

to the Americas from Africa suggest that it occurred via the transatlantic human slave trade in the 

16th-19th centuries (17, 71, 75, 76); molecular clock estimates in one of these studies support this 

proposed timeline (71). Our phylogenetic results are consistent with this pattern of strains from 

the Americas forming a monophyletic clade that is nested within a larger clade containing all 

known B. pseudomallei isolates from Africa (Fig 2) but also provide further insights because we 

included additional strains from the Caribbean and other locations from the Americas. Within the 

monophyletic clade from the Americas, we found that all isolates from the Caribbean, with the 

exception of one isolate from Aruba, group together in a smaller monophyletic clade, and all of 

the seven known isolates from Puerto Rico grouped together in a smaller clade with one isolate 

from Trinidad. The molecular clock estimates from this study support a recent introduction of B. 

pseudomallei to Puerto Rico, within the last 70 years (S1 Fig, S2 Table). Together, these findings 

suggest that B. pseudomallei may have been first introduced to other regions of the Americas 

from Africa and then, more recently, was introduced to the Caribbean from these other regions of 

the Americas. Because isolates from Puerto Rico group together within a larger clade containing 

all but one of the other isolates from Caribbean, it is tempting to suggest that B. pseudomallei 

was introduced to Puerto Rico from other locations in the Caribbean. However, it is important to 

note that all of these ideas are based upon analysis of currently available B. pseudomallei 

isolates. As there are numerous countries where B. pseudomallei is thought to occur but has not 

yet been detected, especially in the western hemisphere (19), the global phylogeographic patterns 

of B. pseudomallei will almost certainly change as additional isolates are obtained from new 
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locations and sequenced. In particular, more environmental sampling is necessary to better 

understand the occurrence and spread of B. pseudomallei in the Caribbean. 

All included isolates from Puerto Rico, together with a single isolate from Trinidad, share 

a recent common ancestor in the global phylogeny (Fig 2), which is suggestive of a single 

introduction to Puerto Rico. In addition, the new B. pseudomallei soil isolates from Arecibo, the 

two previous soil isolates from Maunabo, and the previous human isolates from Maunabo have 

all been assigned to ST297, as has the human isolate from Trinidad. This pattern is not 

unexpected as ST297 in B. pseudomallei is typically associated with isolates from the Western 

Hemisphere (75). This overall lack of diversity is in contrast to patterns observed in highly-

endemic settings, such as northeast Thailand and northern Australia, where high levels of genetic 

diversity are observed at multiple spatial scales, including among multiple isolates obtained from 

single soil samples, using multiple genotyping approaches, including MLST, mutli-locus 

variable number tandem repeat analysis, and pulse field gel electrophoresis (31, 77). That said, 

there are also two distinct lineages among the Puerto Rican isolates and one of these lineages 

contains two human isolates from Puerto Rico that were assigned to ST92 and ST95 (20) (Fig 2). 

Thus, it is also plausible that B. pseudomallei has been introduced to Puerto Rico multiple times. 

Again, additional environmental sampling in the Caribbean, including Puerto Rico, is needed to 

better understand these patterns. 

As an alternative to the hypothesis of human-mediated dispersal, B. pseudomallei may 

have been introduced to Puerto Rico via hurricanes or other extreme weather events. In Australia 

and Asia, B. pseudomallei can become aerosolized during extreme weather events like cyclones 

(i.e., hurricanes), leading to subsequent increases in human disease events (78-80). The 

predominate path of Atlantic hurricanes is generally from the east-southeast to the west-
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northwest, essentially directly through the Caribbean (81), which would be consistent with 

hurricanes dispersing B. pseudomallei to Puerto Rico from other locations to the southeast of it in 

South America or other regions of the Caribbean. Long distance dispersal of B. pseudomallei 

during extreme weather events also offers potential explanations for several other patterns 

observed in the phylogeny (Fig 2). For example, the single isolate from Trinidad, from a 2012 

clinical case, clusters together with a 2012 clinical isolate from Puerto Rico (and two soil isolates 

collected in 2013 near the residence of the 2012 Puerto Rico case) rather than with isolates from 

more nearby locations in South America. In addition, a 2012 clinical isolate from Aruba clusters 

together most closely with isolates from Mexico and Central and South America, rather than 

with other isolates from the Caribbean (Fig 2). Of note, the 2012 Atlantic hurricane season was 

more active than normal, including 10 different hurricanes (82). 

The four unique genomic islands identified from the genomes of B. pseudomallei isolates 

from site 23 may be indicative of adaptation to local ecological conditions. Identifying novel 

genomic components from new B. pseudomallei genomes is not at all unexpected as the 

accessory genome of this species is quite large and continues to grow as more isolates are 

sequenced (6), likely because this species has an “open genome” that can readily acquire new 

genomic content via lateral gene transfer (15). However, what is striking is that the four genomic 

islands, as well as a majority of the genes within them, are only found in B. pseudomallei isolates 

from site 23 and not in other B. pseudomallei isolates or isolates from other Burkholderia spp. 

(S2 Table). Given the almost complete absence of these genomic islands in globally diverse 

isolates of B. pseudomallei, the genes contained within these genomic islands may have been 

obtained locally from other soil dwelling species as a means of adapting to fine-scale 

environmental conditions. In some cases, other Burkholderia spp. also shared a portion of these 
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genomic islands, providing a potential source of these accessory genes. However, over half of 

the accessory genes found in the B. pseudomallei isolates from site 23 were completely absent 

from all of the other global B. pseudomallei and Burkholderia spp. genomes that were examined 

(S2 Table), suggesting that the source of many of these accessory genes may be species outside 

the Burkholderia genus that co-occur in the soil. Additional studies of the accessory genome of 

multiple B. pseudomallei isolates obtained from soil samples collected across small spatial scales 

will be important for yielding new insights into the possibility of the acquisition of new 

accessory genes representing a mechanism for B. pseudomallei to adapt to local ecological 

conditions. 

Other diverse Burkholderia spp. are widespread in the environment in Puerto Rico and 

may be the source of some of the unique accessory genes in the B. pseudomallei isolates from 

site 23 in the municipality of Arecibo. Indeed, a number of the novel B. pseudomallei genes 

present in the four genomic islands described here were also identified from other Burkholderia 

spp. (S5 Table). Although there was no evidence of other members of the Bpc, such as B. 

thailandensis, B. oklahomensis, or B. humptydooensis, being present in Puerto Rico, many 

different Burkholderia spp. from the Bcc were isolated from both soil and water in Puerto Rico, 

including some potentially novel species (S4 Table; Fig 4). Due to the large number of novel Bcc 

MLST alleles and STs identified among these Bcc isolates, it appears that Puerto Rico harbors 

many unique and diverse Bcc strains that have yet to be classified. And it is important to note 

that our survey almost certainly provides a limited understanding of the true diversity of 

Burkholderia spp. present in the environment in Puerto Rico as we only examined Burkholderia 

species that were capable of growing on Ashdown’s selective medium. Horizontal gene transfer 

from these other diverse and widespread Burkholderia spp. may facilitate adaptation of B. 
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pseudomallei to local environmental conditions in Puerto Rico and elsewhere. One such concern 

is the transfer of intrinsic antibiotic resistance to clinically relevant antibiotics, such as the 

potential transfer of the meropenem resistance observed in B. ubonensis, to B. pseudomallei.  

Overall, B. ubonensis was quite widespread in Puerto Rico: we isolated it from soil 

samples collected from five locations in the southwest, southeast, eastern, and north central 

portions of the island; we did not isolate it from any water samples (S4 Table). B. ubonensis has 

been previously described from the environment only from countries where B. pseudomallei is 

highly endemic, including Australia, Malaysia, Thailand, and Papua New Guinea (6). To our 

knowledge, the B. ubonensis strains collected from Puerto Rico in this study are the first instance 

of this species being isolated from the environment in the Caribbean and the western hemisphere 

(14). However, our results from Puerto Rico suggest that it may be widespread in the Caribbean 

and elsewhere in the western hemisphere. Previous studies have found that B. ubonensis is the 

most common Bcc species to be co-isolated with B. pseudomallei (36). The first isolates from 

Puerto Rico had a distant phylogenetic relationship to isolates from Australia (14). Interestingly, 

we did not find any evidence of B. ubonensis from the municipality of Arecibo where B. 

pseudomallei was isolated. However, we did find B. ubonensis from the municipality of 

Maunabo, where B. pseudomallei was previously found in the soil in 2013. We found that all of 

the B. ubonensis strains that we collected from Puerto Rico (11 of 11) were resistant to 

meropenem (Table S1), an antibiotic used to treat patients with advanced melioidosis, such as 

sepsis (2). A previous study investigating the meropenem resistance of B. ubonensis found that 

21% of tested strains from Australia and 67% of tested strains from Thailand were meropenem 

resistant (14).  
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Until this study, B. glumae, a USDA-APHIS regulated plant pathogen, had not been 

described from Puerto Rico since 2004, when it was identified from an onion plant (83). We 

detected B. glumae in a water sample from the municipality of Patillas (S4 Table). This plant 

pathogen causes bacterial panicle blight and can be devastating to various types of crops, 

including rice (9). As a result, the appropriate regulating agencies within Puerto Rico and the 

United States were notified of the presence of B. glumae at this location. The knowledge of the 

presence of this plant pathogen at this location can serve as vital information when investigating 

potential crop infestations. 

Conclusions 

 Widespread environmental surveys for B. pseudomallei in the environment in Puerto 

Rico identified the pathogen from soil samples collected in a region of Puerto Rico from which it 

had never been previously detected in the environment or in humans. This study demonstrates 

that although B. pseudomallei is present in the environment in several widespread locations in 

Puerto Rico, it is also rare. Given how rare it is in the environment, B. pseudomallei does not 

appear to pose a large public health risk in Puerto Rico. There have been no known human 

melioidosis cases reported from the specific location in Arecibo where we detected it in the 

environment, or even that general region of the island. However, B. pseudomallei is clearly 

ecologically established in Puerto Rico and, as previously suggested (20), both the public and 

clinicians in Puerto Rico should be made more aware of it. Of note, all but one of the previous 

human melioidosis cases in Puerto Rico occurred in immunocompromised individuals (20). The 

International Diabetes Federation stated there were over 400,600 cases of diabetes in Puerto Rico 

in 2017 with a total prevalence of diabetes in adults of 15.4% (84). As diabetes is an important 
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risk factor for melioidosis, clinicians should particularly be aware of the possibility of 

melioidosis in these individuals. 
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Tables and Figures 

Chapter 2 Tables 

Supporting Tables 

S1 Table. Genome accession numbers, MLST, and other data for 129 Burkholderia spp. isolates 

obtained in this study. *Species identification was based upon whole genome sequence 

comparisons. a PS-4 previously described (6). b B. ubonensis strain resistant to meropenem 

(>32µg/mL). Yellow highlighted cells indicate novel MLST alleles and STs identified in this 

study. This supporting table was too large to include in this document. The excel spreadsheet 

containing this table is available to all at this link 

(https://doi.org/10.1371/journal.pntd.0007727.s003).  

 

https://doi.org/10.1371/journal.pntd.0007727.s003
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S2 Table. Genome accession numbers for additional Burkholderia genomes used to construct the 

phylogenies presented in Figs. 2 - 4. n/a = not applicable 

This supporting table has 1,265 rows and was too large to include in this document. The excel 

spreadsheet containing this table is available to all at this link 

(https://doi.org/10.1371/journal.pntd.0007727.s004).  

  

https://doi.org/10.1371/journal.pntd.0007727.s004
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S3 Table. Genome accession numbers and epidemiological data for 55 Burkholderia 

pseudomallei isolates obtained in this study. All of these B. pseudomallei isolates were isolated 

from site 23 in the municipality of Arecibo. These 55 isolates are also presented in Figure 3 and 

S2 Figure. 

ID 

Read Accession 

Number 

Assembly 

Accession 

Number 
Puerto Rico 

Municipality 

Hole 

ID Source 

Bp9039 SRR7457394 QTQT00000000 Arecibo 07 soil 

Bp9041 SRR7457397 n/a Arecibo 07 soil 

Bp9043 SRR7457396 n/a Arecibo 07 soil 

Bp9044 SRR7457399 n/a Arecibo 07 soil 

Bp9045 SRR7457398 n/a Arecibo 07 soil 

Bp9046 SRR7457401 n/a Arecibo 07 soil 

Bp9047 SRR7457400 n/a Arecibo 07 soil 

Bp9048 SRR7457403 n/a Arecibo 07 soil 

Bp9050 SRR7457402 RPDD00000000 Arecibo 07 soil 

Bp9051 SRR7457469 n/a Arecibo 07 soil 

Bp9052 SRR7457470 n/a Arecibo 07 soil 

Bp9053 SRR7457471 n/a Arecibo 07 soil 

Bp9054 SRR7457472 n/a Arecibo 07 soil 

Bp9055 SRR7457473 n/a Arecibo 07 soil 

Bp9056 SRR7457476 n/a Arecibo 07 soil 

Bp9057 SRR7457372 n/a Arecibo 07 soil 

Bp9058 SRR7457391 n/a Arecibo 07 soil 

Bp9059 SRR7457474 n/a Arecibo 07 soil 

Bp9060 SRR7457475 n/a Arecibo 07 soil 

Bp9061 SRR7457458 n/a Arecibo 07 soil 

Bp9062 SRR7457457 n/a Arecibo 07 soil 

Bp9063 SRR7457456 n/a Arecibo 07 soil 

Bp9064 SRR7457455 n/a Arecibo 07 soil 

Bp9065 SRR7457454 n/a Arecibo 07 soil 

Bp9066 SRR7457453 n/a Arecibo 07 soil 

Bp9067 SRR7457452 n/a Arecibo 07 soil 

Bp9068 SRR7457451 n/a Arecibo 07 soil 

Bp9069 SRR7457450 n/a Arecibo 07 soil 

Bp9070 SRR7457449 n/a Arecibo 07 soil 

Bp9071 SRR7457485 n/a Arecibo 07 soil 

Bp9072 SRR7457486 n/a Arecibo 07 soil 
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Bp9073 SRR7457483 n/a Arecibo 07 soil 

Bp9074 SRR7457484 n/a Arecibo 07 soil 

Bp9075 SRR7457481 n/a Arecibo 07 soil 

Bp9076 SRR7457482 n/a Arecibo 07 soil 

Bp9077 SRR7457479 n/a Arecibo 07 soil 

Bp9078 SRR7457480 n/a Arecibo 07 soil 

Bp9079 SRR7457477 n/a Arecibo 07 soil 

Bp9080 SRR7457478 n/a Arecibo 07 soil 

Bp9081 SRR7457319 n/a Arecibo 07 soil 

Bp9082 SRR7457318 n/a Arecibo 07 soil 

Bp9083 SRR7457321 n/a Arecibo 07 soil 

Bp9084 SRR7457320 n/a Arecibo 07 soil 

Bp9085 SRR7457315 n/a Arecibo 07 soil 

Bp9086 SRR7457314 n/a Arecibo 07 soil 

Bp9107 SRR7457420 RSFB00000000 Arecibo 07 soil 

Bp9108 SRR7457419 n/a Arecibo 07 soil 

Bp9109 SRR7457418 n/a Arecibo 07 soil 

Bp9110 SRR7457423 QTQS00000000 Arecibo 09 soil 

Bp9111 SRR7457422 n/a Arecibo 09 soil 

Bp9112 SRR7457375 RPDC00000000 Arecibo 09 soil 

Bp9113 SRR7457376 n/a Arecibo 07 soil 

Bp9114 SRR7457373 n/a Arecibo 07 soil 

Bp9115 SRR7457374 n/a Arecibo 09 soil 

Bp9116 SRR7457379 n/a Arecibo 09 soil 
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S4 Table. Information on 60 sampling sites where environmental samples were collected in 

Puerto Rico. Soil was collected at sites 1-50 and water was collected at sites 51-60. Bolded site 

ID indicates the site where B. pseudomallei was isolated. * Potentially novel species; ** Soil 

profile downloaded for each site from USDA NRCS Web Soil Survey; n/a = not applicable.   

This supporting table was too large to include in this document. The excel spreadsheet 

containing this table is available to all at this link 

(https://doi.org/10.1371/journal.pntd.0007727.s006). 

 

S5 Table. Protein accession numbers and descriptions for the 119 B. pseudomallei accessory 

genes detected among 55 Burkholderia pseudomallei isolates obtained in this study. These genes 

were detected using BSR (see text).  

This supporting table was too large to include in this document. The excel spreadsheet 

containing this table is available to all at this link 

(https://doi.org/10.1371/journal.pntd.0007727.s007).  

  

https://doi.org/10.1371/journal.pntd.0007727.s006
https://doi.org/10.1371/journal.pntd.0007727.s007
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Chapter 2 Figures 

 

Figure 1. Locations in Puerto Rico where 1) environmental samples were collected in this study, 

2) previous human melioidosis cases occurred, and 3) one previous B. pseudomallei-positive soil 

sample was collected. Site numbers are located next to the shapes indicating the 60 sampling 

locations from this study; soil samples were collected at sites 1-50 and water samples were 

collected at sites 51-60. The locations of past human melioidosis cases and the one previous B. 

pseudomallei positive soil location (20) are indicated. This map was created using ArcGIS 

software by Esri. 
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Figure 2. Burkholderia pseudomallei global whole genome phylogeny. Maximum-likelihood 

phylogeny of 414 globally-diverse B. pseudomallei isolates rooted with a B. thailandensis 

isolate; bootstrap values are reported on nodes. Two of the 55 B. pseudomallei isolates obtained 

from site 23 in this study are included (Bp9039 and Bp9110). (A) All 414 B. pseudomallei 

genomes with nodes collapsed. (B) Expanded nodes within the monophyletic group containing 

all included isolates (n=44) from Africa, Central and South America, Mexico, and the Caribbean.  
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Figure 3. Genomic islands present in B. pseudomallei isolates from a single location in Puerto 

Rico. (A) Reveals the structure of the four novel B. pseudomallei genomic islands (GI1-4) that 

were discovered in this study; contig names are listed on the far right. The red arrows reflect B. 

pseudomallei genes found within the genomic islands and the blue arrows reflect conserved 

flanking regions commonly found in other B. pseudomallei strains. (B) Circular phylogeny with 
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genomic islands mapped on the outside of the phylogeny. This phylogeny was constructed using 

the same 414 B. pseudomallei isolates used to generate Figure 2 plus the 53 additional B. 

pseudomallei isolates from site 23 that were not included in Figure 2.  
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Figure 4. Burkholderia spp. whole genome phylogeny. Core genome maximum-likelihood 

phylogeny of 781 Burkholderia spp. isolates rooted with Cupriavidus. The 781 isolates include 

129 isolates obtained from Puerto Rico in this study (indicated with red lines; S1 Table) and 651 

publicly available Burkholderia spp. isolates (S5 Table). Bootstrap values are reported on nodes. 

B. pseudomallei is not included in this phylogeny. 
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Supporting Figures 

S1 Figure. BEAST molecular clock estimations (chromosome 1) of eight B. pseudomallei 

isolates from Puerto Rico and Trinidad. BEAST phylogeny with error bars showing 95% highest 

posterior density (HPD); three B. pseudomallei isolates from Martinique were used as an 

outgroup.  
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S2 Figure. Comparative genomics of B. pseudomallei from a single location (site 23). Left: Core 

genome phylogeny of 55 B. pseudomallei isolates obtained from site 23 containing three major 

clades (A-C) with a consistency index of 0.99. The phylogeny is rooted with a B. thailandensis 

isolate and bootstrap values are reported on nodes. Right: Presence/absence of the 58 genes that 

comprise the accessory genome (S5 Table) of this group of isolates; 49 of these accessory genes 

are in GI1, GI2, and GI3. Each cell provides the BSR values (0 represents no alignment; 1 

represents an identical nucleotide alignment) for different accessory genes (columns) in the 

individual genomes (rows). Green text indicates B. pseudomallei isolates from soil sample 09, 

whereas black text represents B. pseudomallei isolates from soil sample 07. Bolded and italicized 

text indicates the two isolates (Bp9039 and Bp9110) included in Figure 2. 
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CHAPTER 3 For the first time Burkholderia thailandensis is isolated from the environment in 

the Western Hemisphere including the United States 

 

Abstract 

Burkholderia thailandensis, an environmental bacterium, can cause disease under extreme 

conditions. Despite clinical cases in the Western Hemisphere, B. thailandensis has never been 

described from the environment in the Western Hemisphere until this study isolated it from water 

in Texas and Puerto Rico demonstrating a potential public health risk. 

 

Introduction 

Burkholderia thailandensis, an environmental Gram-negative bacterium, is of interest 

from a public health standpoint due to its potential to cause infection as a fortuitous pathogen (1-

3). B. thailandensis is found in tropical regions of the world, such as Southeast Asia and northern 

Australia, similar to where its more pathogenic relative, B. pseudomallei, is found. B. 

thailandensis is the closest phylogenetic relative to B. pseudomallei, the Select Agent and 

causative agent of melioidosis. B. thailandensis is often used as a surrogate for B. pseudomallei 

(4-6) due to the similarities between the closely related bacteria and that B. thailandensis has 

reduced restrictions as a non-Select Agent, BSL-2 organisms (7). B. thailandensis is difficult to 

distinguish from B. pseudomallei in the clinic due to the same biochemical phenotypes, except 

for the ability to assimilate L-arabinose (3, 7, 8). B. thailandensis was first described after 

researches observed reduced virulence in what they thought was B. pseudomallei but the 16S 

rRNA gene phylogeny revealed a novel Burkholderia species that was later named B. 

thailandensis after the origin of the type strain, E264T, from Thailand (7).  
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Human infections of B. thailandensis are not common but do occur (1-3). There have 

been three reported clinical cases of B. thailandensis in the Western Hemisphere, all from the 

southern U.S. in Louisiana in 1997, Texas in 2003 (3), and Arkansas in 2017 (2). Even with 

environmental sampling related to these clinical cases, B. thailandensis was never recovered 

from the environment. B. thailandensis has primarily been described from the environment in 

Southeast Asia, Australia (7, 9, 10), and recently from Africa, specifically in Sierra Leone (11). 

To date, the natural occurrence of B. thailandensis in the Western Hemisphere is poorly 

understood. It is important to note that until this study B. thailandensis had never been isolated 

from the environment in the Western Hemisphere.  

We used a systematic approach for the detection and isolation of B. thailandensis from 

soil and water samples collected in Texas in November of 2019 and 2020 and Puerto Rico from 

December 2018 to March 2020. The information gained from this study is vitally important to 

understand where and how B. thailandensis persists in the environment and how the genetic 

diversity in the environment compares to the strains isolated from the clinic.  

 

Results 

Of the 1,960 environmental samples (370 from Texas and 1,590 from Puerto Rico) collected for 

this study, a B. thailandensis DNA signal was detected using TaqMan PCR in 10 of our complex 

broth samples with four from Texas and six from Puerto Rico (see Technical Appendix). 

Culturing efforts were used for the isolation of pure culture using previously described methods 

(12) resulting in B. thailandensis isolates from five of the samples (one from Texas and four 

from Puerto Rico). The environmental samples consisted of soil, water, or environmental scrapes 

with 280 soil, 80 water, and 10 environmental scrapes collected from Texas and 1,170 soil and 
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420 water samples collected from Puerto Rico. Samples were collected from 99 sites (25 from 

Texas and 74 from Puerto Rico) with B. thailandensis detected from seven sites (two from Texas 

and five from Puerto Rico) and isolated from five sites (one from Texas and four from Puerto 

Rico) (Table). Interestingly, B. thailandensis was only detected in water samples despite water 

samples consisting only 26% of our total samples collected.  

Whole-genome analysis of these novel isolates allowed us to place them within a larger 

context of B. thailandensis from other global locations and to previous U.S. clinical isolates 

(Figure and Table). As expected, the environmental B. thailandensis from Texas grouped in the 

same clade as the other clinical isolates from the Western Hemisphere, supporting that the 

previous human cases were obtained from the environment in the U.S. Remarkably, the Texas 

environmental isolate was more closely related to clinical isolates from Louisiana (1,821 SNPs) 

and Arkansas (2,636 SNPs) than from Texas (9,212 SNPs). Conversely, to the genetic diversity 

observed in the Southern U.S., little diversity was found between the four 2019-2020 Puerto 

Rico B. thailandensis isolates. The four B. thailandensis isolates from Puerto Rico differed only 

between 260 SNPs. 

In-silico MLST analysis revealed a novel ace allele (106) in all four B. thailandensis isolates 

from Puerto Rico and a novel gltB allele (175) in the single isolate from Texas resulting in novel 

STs for Puerto Rico (ST1772) and Texas (ST1785). 

 

Discussion 

Our study confirms the presence of B. thailandensis in the environment, specifically in water, 

from the Western Hemisphere for the first time. We also show that where we detected B. 

thailandensis, it appears to be rare in occurrence and abundance. Detection of B. thailandensis 
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required extensive sampling for detection with only 7.7% of sites we sampled resulting in 

detection of B. thailandensis suggesting its rarity. Once B. thailandensis was detected, 

substantial culturing efforts were required for isolation of a live culture suggesting a low 

abundance or that B. thailandensis is easily out competing by other environmental bacteria. 

Further supporting its rarity and low abundance, no environmental source was ever detected for 

the three previous human cases from the southern U.S (2, 3).  

Interestingly, B. thailandensis was only detected in water samples despite the collection 

of both soil and water at each of the B. thailandensis sites. This is quite different from endemic 

regions, such as Thailand, where B. thailandensis is commonly isolated from the soil (13). It is 

also important to note that all three of the U.S. clinical cases were associated with traumatic 

events and two of the three cases were associated with water (2, 3). This demonstrates the public 

health risk of B. thailandensis since it appears traumatic water events can lead to disease with 

this pathogen. This information is especially useful in Puerto Rico where B. thailandensis was 

detected within neighborhoods in San Juan, the most populated city on the island, and Puerto 

Rico is prone to hurricanes resulting in flooding. 

The genetic diversity observed between B. thailandensis isolated from Puerto Rico and 

from the continental U.S. was strikingly different. There were only 260 SNPs found between the 

strains from Puerto Rico despite being collected from three separate municipalities (Carolina, 

Fajardo, and San Juan) and over one year apart. The lack of diversity found between these strains 

suggests the possibility of a recent single introduction of B. thailandensis to Puerto Rico. 

Additional sampling in Puerto Rico would help support or reject this hypothesis. On the contrary, 

thousands of SNPs were observed between the various B. thailandensis strains isolated from 

Texas, Arkansas, and Louisiana. A possible explanation for the large amount of genetic diversity 
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observed is that B. thailandensis has been established in the southern U.S. for a long period of 

time and that it is widely present in the environment, potentially circulating in the water. 

Although it is unknown how long B. thailandensis can persist in water, its closest phylogenetic 

relative, B. pseudomallei, can survive in water for at least 16 years with no nutrients (14). 

Intriguingly, the greatest number of SNPs of B. thailandensis from the southern U.S. strains was 

observed between the two B. thailandensis strains from Texas, a clinical isolate from 2003 and 

environmental isolate from 2019, suggesting that B. thailandensis is also widespread in the 

environment in Texas.  

This study provides valuable information about the potential of water to serve as a source of 

infection for a fortuitous pathogen, B. thailandensis, in the southern U.S. and in Puerto Rico. 
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Tables and Figures 

Chapter 3 Tables 

Table. Burkholderia thailandensis genomes used in whole genome phylogeny. 

 

* Isolated from this study. MLST, multi-locus sequence type. 

Isolate Alternative ID

Country 

(State/Territory)

Sample type 

(source) Year MLST Accession number

2.1 Vietnam environmental 2017 696 GCA_002803565.1

82172 34; 2002721621 France veterinary (horse) 1982 73 GCA_001555485.1

E555 Cambodia environmental 2005 696 GCF_000179515.1

TXDOH CDC3015869; 2003015869 United States (TX) clinical (human) 2003 101 GCA_002888425.1

Bt4 49639 Australia environmental unknown699 GCA_000170395.1

MSMB59 Australia environmental (soil) 2006 669 GCA_001718595.1

MSMB60 Australia environmental (soil) 2006 669 GCA_001524345.1

Bp10009* 165-01_P1_S7 United States (TX) environmental (water) 2019 1758 TBD

Bp10013* 203-09_P1_S27 United States (PR) environmental (water) 2020 1772 TBD

Bp9795* 61_10_S54_S1_copy3 United States (PR) environmental (water) 2018 1772 TBD

Bp9920* 89-06_P1_S1 United States (PR) environmental (water) 2018 1772 TBD

Bp9942* 91-08_P2_S1 United States (PR) environmental (water) 2018 1772 TBD

BtAR2017 United States (AR) clinical (human) 2017 101 GCA_004684955.1

E1 Papua New Guinea environmental 1995 669 GCA_001524325.1

E254 Thailand environmental 1992 345 GCA_000765375.1

E264 ATCC 700388 Thailand environmental (soil) 1994 80 GCA_003568605.1

E444 E0444 Thailand environmental 2002 79 GCA_000567945.1

H0587 2002721121 United States (LA) clinical (human) 1997 101 GCA_000567905.1

Phuket 4W-1 Thailand environmental 2002 80 GCA_000877335.1

USAMRU Malaysia no. 20Malaysia #20; 2002721744 Malaysia unknown unknown80 GCA_000706745.1
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Chapter 3 Figures 

 

Figure. Whole genome phylogeny of B. thailandensis rooted with B. pseudomallei. B. 

thailandensis genomes used to generate this phylogeny are listed in the Table. 
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Technical Appendix 

Environmental sampling was conducted in Puerto Rico and Texas using methods 

previously described (1) and were adapted from the international consensus guidelines (2) with 

additional modifications developed by the Menzies School of Health and Research in Darwin, 

Australia (3). Permission was obtained from landowners to collect soil and/or water samples on 

their property and when necessary, permits were received to collect from reserve lands. Briefly, 

we collected 10 to 100 soil samples at a depth of 30 cm from holes spaced 2.5 meters apart in 

one to two 10-hole transects or in a grid for each site as previously described (1). Water samples 

(150 mL) were collected along a linear transect with 2.5 meters between each sampling location, 

when possible, using one of two sampling approaches: For approach A water samples were 

collected (20 samples per site in Puerto Rico and 10 samples per site in Texas) approximately 1 

meter from the shoreline, avoiding flowing water while for approach B water samples were 

collected (10 samples per site in Puerto Rico) at five sampling locations with the first sample 

collected directly on the water’s edge and another sample collected 1 meter from the shoreline. 

All water samples were filtered the same day as collection using a Sartorius water filtration 

manifold with 0.22 µm nitrocellulose filters as previously described (1). Environmental scrapes 

were only collected in Texas at one site from a partially empty residential 500-gallon water 

holding tank. Briefly, the bottom and sides of the tank were scraped, and the scrape contents 

were placed into a sterile 2 mL screw-cap tube.  

A total of 1,800 environmental samples were collected throughout Puerto Rico during the 

months of December 2018, February and March 2019, and February and March 2020. These 

environmental samples consisted of 1,170 soil samples collected from 42 sites and 420 water 

samples from 32 sites (200 water samples were collected from 10 sites using sampling approach 
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A and 220 collected from 22 sites using sampling approach B). A total of 210 environmental 

samples were collected in Atascosa County in Texas during November 2019 including 120 soil 

samples collected from eight sites, 80 water samples from eight sites, and 10 environmental 

scrapes from one site. Another 160 soil samples were collected from six sites in Guadalupe, 

Goliad, and Wilson counties in Texas during November 2020.  

All samples were kept from direct UV exposure, stored, and shipped at ambient 

temperature to NAU for further processing. Upon arrival, samples were stored in the dark at 

ambient temperature except for sampling approach B water filters which were stored at 4°C. To 

prepare the environmental scrapes for culturing the 2 mL tubes containing the scrapes were first 

vortex at high speed for 1 minute and then sonicated for 5 minutes using a Branson sonicator 

bath set to 70W, 42kHz at room temperature. All samples were processed in the same way for 

the detection and isolation of Burkholderia spp. as previously described (1) with the following 

modifications. Each water sample was filtered onto one filter which was cut in half and only one 

half was used for the inoculation of 30 mL of Ashdown’s broth. The entire contents of the 

environmental scrape were transferred to the 30 mL of Ashdown’s broth. The soil was processed 

in the same way as Hall et al., 2019 (1) except the soil was added straight into 30 mL of 

Ashdown’s broth instead of first into water. Also, a B. thailandensis specific TaqMan assay was 

used for molecular detection of a B. thailandensis DNA signal within DNA extractions 

preformed on 1mL of the complex Ashdown’s broth. Methods for the DNA extractions can be 

found in Hall et al., 2019 (1). The primers and probe used for the TaqMan assay were developed 

based on whole genome analysis of 1,130 Burkholderia genomes (4). Once a DNA signal was 

detected in an Ashdown’s broth sample isolation efforts were focused on that sample. Culturing 

methods are also described in Hall et al., 2019 (1). Once a pure B. thailandensis isolate was 
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obtained after at least three isolation streaks long term glycerol stocks were created and high 

molecular weight gDNA was obtained using QIAGEN DNeasy kits. Whole genome sequencing 

was performed as previously described (1).  

MLST 

In-silico MLST analysis revealed a novel ace allele (106) in all four B. thailandensis isolates 

from Puerto Rico and a novel gltB allele (175) in the single isolate from Texas. The remaining 

MLST genes were previously characterized resulting in the following novel STs for Texas 

(ST1785; ace=106, gltB=5, gmhD=9, lepA=11, lipA=14, narK=20, ndh=14) and for Puerto Rico 

(ST1772; ace=106, gltB=5, gmhD=9, lepA=11, lipA=14, narK=20, ndh=14). The ST1785 and 

ST1772 all have the same alleles as ST101 (other U.S. B. thailandensis clinical samples) except 

for the gltB and ace genes respectively. It’s also interesting to note that there was one SNPs 

between the 175 gltB and 5 gltB (from ST101) and 106 ace and 6 ace (from ST101) alleles.  

Phylogenetic analysis  

Genome assemblies were aligned against B. thailandensis E254 (GCA_000765375.1) with 

NUCmer v3.1 (5) and single nucleotide polymorphisms were called with NASP v1.2.0 (6). SNPs 

(n=54,617) that had a valid nucleotide call in all query genomes were extracted from the 

outgroup genome, B. pseudomallei K96243 (7), and concatenated into a single multifasta file. A 

maximum-likelihood phylogeny was inferred on the concatenated alignment with IQ-TREE 

v1.6.12 (8), using the TVM+F+ASC+G4 substitution model (9). 
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CHAPTER 4 Expanding the Burkholderia pseudomallei complex with the addition of two novel 

species: Burkholderia mayonis sp. nov. and Burkholderia savannae sp. nov. 

Abstract 

Distinct Burkholderia strains were isolated from soil samples collected in tropical northern 

Australia (Northern Territory and the Torres Strait Islands, Queensland). Phylogenetic analysis 

of 16S rRNA and whole genome sequences revealed these strains were distinct from previously 

described Burkholderia species and assigned them to two novel clades within the B. 

pseudomallei complex (Bpc). Because average nucleotide identity and digital DNA-DNA 

hybridization calculations are consistent with these clades representing distinct species, we 

propose the names Burkholderia mayonis sp. nov. and Burkholderia savannae sp. nov. Strains 

assigned to B. mayonis sp. nov. include type strain BDU6T (=TSD-80; LMG 29941; 

ASM152374v2) and BDU8. Strains assigned to B. savannae sp. nov. include type strain 

MSMB266T (=TSD-82; LMG 29940; ASM152444v2), MSMB852, BDU18, and BDU19. 

Comparative genomics revealed unique coding regions for both putative species, including 

clusters of orthologous genes associated with phage. Type strains of both B. mayonis sp. nov. 

and B. savannae sp. nov. yielded biochemical profiles distinct from each other and other species 

in the Bpc, and profiles also varied among strains within B. mayonis sp. nov. and B. savannae sp. 

nov. Matrix-assisted laser desorption ionization–time of flight analysis revealed a B. savannae 

sp. nov. cluster separate from other species, whereas B. mayonis sp. nov. strains did not form a 

distinct cluster. Neither B. mayonis sp. nov. nor B. savannae sp. nov. caused mortality in mice 

when delivered via the subcutaneous route. The addition of B. mayonis sp. nov. and B. savannae 

sp. nov. results in eight species currently in the Bpc. 

IMPORTANCE 
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Burkholderia species can be important sources of novel natural products and new species are of 

interest to diverse scientific disciplines. Although many Burkholderia species are saprophytic, 

Burkholderia pseudomallei is the causative agent of the disease melioidosis. Understanding the 

genomics and virulence of the closest relatives to B. pseudomallei (i.e., the other species within 

the Bpc) is important for identifying robust diagnostic targets specific to B. pseudomallei and 

understanding evolution of virulence in B. pseudomallei. Two proposed novel species, B. 

mayonis sp. nov. and B. savannae sp. nov., were isolated from soil samples collected from 

multiple locations in northern Australia. The two proposed species belong to the Bpc but are 

phylogenetically distinct from all other members of this complex. The addition of B. mayonis sp. 

nov. and B. savannae sp. nov. results in a total of eight species within this significant complex of 

bacteria that are available for future studies. 

 

Introduction 

The genus Burkholderia was recently divided into Burkholderia sensu stricto, Paraburkholderia, 

Caballeronia, Robbsia, and Pararobbsia. Together, these taxonomic groups comprise over 100 

described species (http://www.bacterio.net/) that can have pathogenic, mutualistic, and/or 

commensal relationships with plants, animals, and/or humans (1-3). This division resulted in 

Burkholderia sensu stricto containing most of the opportunistic pathogens belonging to one of 

two groups of species: the Burkholderia pseudomallei complex (Bpc) and the Burkholderia 

cepacia complex (Bcc). New species are regularly described in Burkholderia sensu stricto (4-9), 

and the majority of species within it are naturally found in the environment, primarily in soil and 

water (10). 

http://www.bacterio.net/
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Diverse niche adaptation is exhibited by members of the Bpc. B. pseudomallei has adapted to 

opportunistic pathogenicity, B. mallei to obligate pathogenicity, and B. thailandensis (11), B. 

oklahomensis (12), B. humptydooensis (13), and B. singularis (6) to environmental saprophytism 

with (except B. humptydooensis) occasional pathogenicity. B. pseudomallei is the causative agent 

of the serious human disease melioidosis and is commonly isolated from soil and water in 

endemic areas (14). B. mallei is a clone within B. pseudomallei that has undergone host adapted 

reductive niche specialization toward obligate pathogenicity in the form of the disease glanders 

(15). Given these niche differences, the ongoing study of the Bpc can provide insights into 

evolutionary mechanisms driving bacterial virulence and niche adaptation. Moreover, the 

classification of pathogenic members of the Bpc (B. pseudomallei and B. mallei) as U.S. Tier 1 

Select Agents due to their potential to be aerosolized and used as biowarfare agents (14, 16), and 

the suggestion that global melioidosis cases may be severely underestimated (17), means that 

closely related species are of great interest due to their potential for cross-reactivity in 

diagnostic/detection technologies used across defense, health, and environmental applications. In 

addition, novel Burkholderia species are of significant interest to multiple scientific fields 

because previously described members of this genus, including members of the Bpc, have been 

shown to be important sources of new natural products (18, 19). 

In this study we propose the addition of two additional members of the Bpc: B. mayonis sp. 

nov. and B. savannae sp. nov. We used a polyphasic approach, including bioinformatic and 

biochemical analyses, to confirm that they are distinct species and to investigate their unique 

coding region sequences, as well as those shared with other members of the Bpc, to better 

understand diversification and evolution within this group. 
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Materials and Methods 

Strain isolation 

The two B. mayonis sp. nov. strains (BDU6T, BDU8) and the four B. savannae sp. nov. strains 

(MSMB266T, MSMB852, BDU18, BDU19) were all isolated from soil collected in tropical 

northern Australia (Table 1; Fig. S1). A subset of the strains (BDU6T, BDU8, BDU18, BDU19) 

was collected by James Cook University from a single soil sample collected from approximately 

30 cm depth on Badu Island, in the Torres Strait Islands, Queensland, Australia in late October 

2011, near the end of the dry season. The soil sample was moist, sandy, and collected less than a 

meter from stagnant water within an exposed root system of trees. Strains MSMB266T and 

MSMB852 were collected by investigators from the Menzies School of Health Research from 

two different locations in the tropical “Top End” of the Northern Territory, Australia in 2006 and 

2010, respectively. The BDU strains were recovered using a two-stage culture technique (20), 

and the MSMB strains were cultured from soil using standard Burkholderia culturing techniques 

(21); all strains were presumptively identified as Burkholderia based upon colony morphology 

but confirmed to not be B. pseudomallei via PCR (22). The proposed novel species, B. mayonis 

sp. nov. and B. savannae sp. nov., were previously reported as putative species 2 and putative 

species 3, respectively, by Sahl et al (4) based upon a whole genome analysis.  

Bacterial growth and characteristics 

All strains were cultivated at temperatures of 25°C, 37°C, and 42°C for 24, 48, 72, and 96 hours 

on Ashdown’s selective agar, Columbia blood agar, MacConkey agar, and Luria-Bertani agar. 

Biochemical data were obtained for the two strains of B. mayonis sp. nov. (BDU6T and BDU8) 

and the four strains of B. savannae sp. nov. (MSMB266T, MSMB852, BDU18, BDU19) using 

the API 20NE and API Zym (bioMérieux) systems according to the manufacturer’s instructions. 
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These data were compared to data generated for B. thailandensis strain E264T and B. 

oklahomensis strain C6786, as well as previous data generated for B. pseudomallei strain 

K96243 (23). MALDI-TOF MS analysis also was performed for all B. mayonis sp. nov. and B. 

savannae sp. nov. strains listed above (see text in the supplemental material for a detailed 

description of the methods). 

Antimicrobial susceptibility screening 

The minimum inhibitory concentration (MIC) was determined using the broth microdilution 

method in biological duplicate using 96-well microtiter custom Micronaut-S plates (Merlin, 

Bornheim-Hersel, Germany) following manufacturer instructions. In total, 20 antimicrobials 

were tested with a 2-fold serial dilution at the following concentrations: amoxicillin/clavulanic 

acid (4/2-128/64 mg/L), azithromycin (4-64 mg/L), carbenicillin (4-512 mg/L), ceftazidime (4–

128 mg/L), ceftazidime/avibactam (0.5/4-256/4 mg/L), chloramphenicol (4-128 mg/L), 

ciprofloxacin (0.5-16 mg/L), doripenem (0.5-16 mg/L), doxycycline (1-32 mg/L), gentamicin (2-

64 mg/L), imipenem (1-32 mg/L), kanamycin (8-256 mg/L), meropenem (1-64 mg/L), 

piperacillin (8-256 mg/L), piperacillin/tazobactam (8-256/4 mg/L), polymyxin B (1-2048 mg/L), 

sulfamethoxazole (1-512 mg/L), tigecycline (0.25-32 mg/L), trimethoprim (1-32 mg/L), and 

trimethoprim/sulfamethoxazole (1/19-16/304 mg/L). Two broth and growth controls containing 

no antimicrobials were included on each plate and each strain was screened twice using 

biological duplicates on separate days. Briefly, for each strain individual colonies were mixed in 

3 mL of sterile saline solution (0.85% NaCl) to achieve a 0.5 McFarland Standard. The 

suspension (0.2 mL) was added to 20 mL of cation-adjusted Mueller-Hinton II broth (catalog 

number B12322; Fisher Scientific). Then 100 µL was added into each well for a particular strain, 

excluding the growth control wells. Plates were incubated at 37°C for 20 hours and then 
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measured using an accuSkan FC plate spectrophotometer (Fisher Scientific) at a wavelength of 

620 nm. 

Virulence gene screening 

Peptide sequences for genes associated with bimA (BPSS1492), the type III secretion system 

(BPSS1390-BPSS1410), and the type VI secretion system 5 (BPSS0091-BPSS0117) were 

screened against all B. mayonis sp. nov. and B. savannae sp. nov. genomes (Table 1) with LS-

BSR v1.2.3 (24) in conjunction with tblastn v2.9.0 (25). The blast score ratio (BSR) (26) was 

calculated for each gene across each genome assembly. 

Virulence testing in mouse models 

The pathogenic potential of B. mayonis sp. nov. strain BDU6T and B. savannae sp. nov. strain 

MSMB266T were investigated in a BALB/c mouse model using methods previously reported 

(13); B. thailandensis strain E264T also was included as a comparison. Briefly, live culture was 

cultivated to logarithmic phase (OD620 ~ 1.0) in Luria-Bertani (LB) broth as previously described 

(24). Sterile 1xPBS was used to wash cells twice before making dilutions for injecting mice. 

Viability counts of the final inocula were made on LB agar plates. BALB/c mice 6–8-week-old 

in treatment groups of 5 mice per cage were utilized; food and water were provided ad libitum. 

All mice in a single cage received the same infectious dose (B. mayonis sp. nov.: 3.82x 104, 105, 

or 106 CFU; B. savannae sp. nov.: 0.92x 104, 105, or 106 CFU; B. thailandensis: 3.4x 104, 105, or 

106 CFU) via a single subcutaneous injection in the scruff of the neck. Mice were monitored 

daily for health status. All mice were euthanized on day 21 post-injection. This work was 

conducted under approved protocols from the Northern Arizona University’s Institutional 

Animal Care and Use Committee (Protocol 14-011) and the US Department of Defense’s Animal 

Care and Use Review Office (HDTRA1-12-C-0066_Wagner). 
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16S rRNA gene analysis 

16S rRNA genes were extracted from genome assemblies for the two B. mayonis sp. nov. strains 

(BDU6T, BDU8) and the four B. savannae sp. nov. strains (MSMB266T, MSMB852, BDU18, 

BDU19) as previously described (11). We investigated the number of 16S rRNA operons present 

in the B. mayonis sp. nov. and B. savannae sp. nov. genomes using the publicly available rapid 

ribosomal RNA prediction tool barrnap v0.9 (https://github.com/tseemann/barrnap). A maximum 

likelihood phylogeny was inferred with IQ-TREE v2.0.3 (25) and the HKY+F+I substitution 

model (26) using 16S rRNA sequences, and was rooted with B. ubonensis. The number of 

pairwise SNPs between unique 16S rRNA gene copies was calculated with snp-dists v0.7.0 

(https://github.com/tseemann/snp-dists). 

Genome assembly and core genome phylogeny 

Genomes for the two B. mayonis sp. nov. (BDU6T, BDU8) and four B. savannae sp. nov. 

(MSMB266T, MSMB852, BDU18, BDU19) strains were previously sequenced on the PacBio 

platform (4, 13). To construct the core genome phylogeny, assemblies were aligned against the 

genome of B. pseudomallei strain K96243 (GCA_000011545.1) (27) using NUCmer (28). The 

reference K96243 genome also was aligned against itself with NUCmer to identify duplicated 

regions, which were masked from subsequent analyses; these methods were wrapped by NASP 

v1.1.2  (29). A maximum-likelihood phylogeny was inferred from an alignment of 434,216 SNPs 

with IQ-TREE v1.6.10, using the TVM+F+ASC+R3 substitution model and 1,000 bootstrap 

replicates.  

Multi-locus sequence typing (MLST) 
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Genes for the seven MSLT loci in the B. pseudomallei pubMLST typing scheme (15) were 

extracted in silico from the genomes of the two B. mayonis sp. nov. strains (BDU6T, BDU8) and 

the four B. savannae sp. nov. strains (MSMB266T, MSMB852, BDU18, BDU19) 

using blastn v2.5.0 (30). The seven genes in this MLST typing scheme are ace, gltB, gmhD, 

lepA, lipA, narK, and ndh. As of 21 June 2021, a total of 1,934 sequence types (STs) had been 

identified in B. pseudomallei and closely related species by MLST (http://pubmlst.org).  

Average nucleotide identity values and digital DNA-DNA hybridization 

Average nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH) were calculated 

using complete genome assemblies for B. mayonis sp. nov. strains BDU6T and BDU8 and B. 

savannae sp. nov strains MSMB266T and MSMB852, and genome assemblies with four contigs 

for B. savannae sp. nov. strains BDU18 and BDU19 (NCBI accession numbers listed in Table 

1). These assemblies were compared to genome assemblies (using complete genome assemblies 

when available) of the following Bpc strains: B. humptydooensis MSMB43T, B. mallei ATCC 

23344T, B. oklahomensis C6786T, B. pseudomallei K96243, B. singularis MSMB175, and B. 

thailandensis E264T (NCBI accession numbers listed in Table 1).  

For ANI, all assemblies were uploaded to JSpecies WS and analyzed using the ANIb algorithm 

(31); the authors of JSpecies suggested that ANI values <95% suggest separate species. The 

digital DNA-DNA hybridization (dDDH) values were produced by the genome-to-genome 

distance calculator (GGDC), which correlates with values obtained by conventional DDH and 

also provides a confidence-interval estimation (32). Briefly, with this approach two strains are 

considered as belonging to different species if DNA-DNA relatedness between them is less than 

70%. The dDDH values were calculated using formula 2 in the GGDC, which summed the 
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identities found in high-scoring segment pairs (HSP) and then divided the sums by the overall 

HSP length (32).  

Comparative genomics 

To better understand the composition of the genomes of the putative new species, annotated 

locus tags were obtained from GenBank for each genome. For both putative species, combined 

locus tags were de-replicated with cd-hit v4.8.1 (33) at an ID of 0.8 and the pan genome for each 

species was defined by the total number of cluster representatives. Unique locus tags were 

screened with LS-BSR v1.2.2 (34) against a set of 3,273 Burkholderia genome assemblies 

downloaded with the ncbi-genome-download tool (https://github.com/kblin/ncbi-genome-

download). Any locus with a blast score ratio (BSR) value (35) of <0.4 in all non-target genomes 

was identified to be unique to that species. The functional profile of each unique region was 

identified with eggnog mapper v2.0.1 (36) and regions suspected to contain phage sequence were 

further classified using PHAST (37). The core genome for each putative species was 

distinguished by identifying coding regions with a BSR value of ≥0.8 across all target genomes. 

To understand the overlap of the B. pseudomallei core genome with other species in the Bpc, 

including B. mayonis sp. nov. and B. savannae sp. nov., a set of 1,744 B. pseudomallei genomes 

were annotated with Prokka v1.14.6 (38) and the pan-genome was calculated with Panaroo 

v1.2.3 (39). The amount of overlap was determined for a coding region if it had a BSR value 

≥0.8 in any genome from another species in the Bpc. 

 

Results 

Bacterial growth and characteristics 
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Growth of both type strains, BDU6T (B. mayonis sp. nov.) and MSMB266T (B. savannae sp. 

nov.), was observed on all media types tested in plate format (Ashdown’s, Columbia Blood, 

MacConkey, and Luria-Bertani) after 24 hours when incubated at 25°C and 37°C, with the 

optimal growth for both strains observed at 37°C on all media types after at least 48 hours of 

incubation. Incubation at 25°C for at least 48 hours resulted in the optimal growth only on 

Columbia blood agar and for all other media types after at least 72 hours of incubation. Limited 

to no growth was observed at 42°C for all strains on the four media types. Colony morphology 

varied depending on media type (Fig. S2 and Fig. S3). Unless otherwise noted, Luria-Bertani 

agar was the medium used during various analyses and strains were stored long term in cryovials 

containing Luria-Bertani broth with 20% glycerol at -80°C.  

Biochemical differentiation of the type strain of B. mayonis sp. nov. (BDU6T) from its closest 

genetic near neighbor, B. oklahomensis (Figure 1), was observed in the inability of B. mayonis 

sp. nov. to hydrolyze esculin and assimilate arabinose. Biochemical differentiation of the type 

strain of B. savannae sp. nov. (MSMB266T) from B. oklahomensis was observed in the inability 

of B. savannae sp. nov. to hydrolyze esculin and assimilate both arabinose and maltose. Type 

strains of all three of these species were positive for arginine, adipate, caprate, citrate, gelatin, 

gluconate, glucose, malate, mannitol, mannose, nitrate, N-acetylglucosamine, and phenylacetate. 

All three type strains were negative for glucose (acidification), tryptophan, urea, and PNPG 

(Table 2). 

Matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 

MS) of the two B. mayonis sp. nov. and four B. savannae sp. nov. strains revealed that they 

cluster with other members of the Bpc and B. ubonensis. Within the MALDI-TOF MS cluster 

containing the species in the Bpc and B. ubonensis, the four Burkholderia savannae sp. nov. 
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strains form a cluster separate from other species, whereas Burkholderia mayonis sp. nov. strains 

did not form a distinct cluster (Fig. S4). 

Antimicrobial susceptibility screening 

All six B. mayonis sp. nov. and B. savannae sp. nov. strains were susceptible in vitro to 

amoxicillin/clavulanate, ceftazidime, doxycycline, imipenem, and 

trimethoprim/sulfamethoxazole based on CLSI breakpoints for B. pseudomallei (M45) (40). All 

of these strains were susceptible in vitro to meropenem, and were susceptible or intermediate to 

chloramphenicol with the exception of BDU6T, which displayed resistance based on the CLSI 

breakpoints for B. cepacia complex (M100) (41). All minimal inhibitory concentrations (MICs) 

are reported in Table 3, including for other antimicrobials for which no breakpoints are 

established. 

Virulence screening 

Although none of the B. pseudomallei virulence genes (bimA, the complete type III secretion 

system, and the complete type VI secretion system 5) were conserved in any of the B. mayonis 

sp. nov. or B. savannae sp. nov. genomes there was a homolog to the type VI secretion system in 

the B. savannae sp. nov. genomes (Table S1). B. mayonis sp. nov. strain BDU6T, B. savannae sp. 

nov. strain MSMB266T, and B. thailandensis strain E264T did not cause mortality in any mice at 

any of the doses when delivered via the subcutaneous route, nor did any mice show outward 

signs of illness. In comparison, subcutaneous infections of fully virulent B. pseudomallei results 

in 50% mortality within 10 days at a dose of 103 CFU (42). It remains unknown if delivery via 

the inhalation route might increase the pathogenicity of these species; B. thailandensis E264T can 

cause high mortality in mice at doses of 104 - 106 CFU when delivered as an aerosol (24, 43, 44). 



92 

 

The lack of mortality in mice suggests that B. mayonis sp. nov. and B. savannae sp. nov. are 

likely environmental saprophytes, similar to most other members of the Bpc. 

Genetic and genomic comparative analysis 

The 16S rRNA phylogeny revealed two novel clades for B. mayonis sp. nov. and B. savannae sp. 

nov. that were distinct from each other and from the other closely related Burkholderia species in 

the Bpc (Fig. S5). Similar to B. pseudomallei, B. thailandensis, B. humptydooensis, B. 

oklahomensis, and B. singularis (6), four rRNA operons are present in all examined B. mayonis 

sp. nov. and B. savannae sp. nov. strains with the exception of B. savannae sp. nov. strain 

BDU19, which has six rRNA operons. B. mayonis sp. nov. strains BDU6T and BDU8 and B. 

savannae sp. nov. MSMB266T each had two unique versions among the four copies of 16S 

rRNA, whereas the four copies within B. savannae sp. nov. strains MSMB852 and BDU18 and 

the six copies within BDU19 were all identical (Fig. S5). A pairwise similarity matrix shows the 

percent identity and number of SNPs between each of the unique16 rRNA sequences (Table S2). 

Briefly, within B. mayonis sp. nov. and B. savannae sp. nov. percent identity of the 16S rRNA 

sequences ranged from 99.1-99.9% (1-13 SNPs) and 99.7-100% (0-4 SNPs), respectively (Table 

S2). The most closely related species to B. mayonis sp. nov. in the 16S rRNA phylogeny (Fig. 

S5) was B. thailandensis (strain E264), with a percent identity ranging from 99.1-99.9% (12-14 

SNPs; Table S2), depending on the B. mayonis sp. nov. strain. The most closely related species 

to B. savannae sp. nov. in the 16S rRNA phylogeny was B. mayonis sp. nov., with a percent 

identity ranging from 98.6-99.0% (16-21 SNPs; Table S2), depending on the strain (Fig. S5).  

Each strain in this study was assigned a distinct sequence type (ST) using the B. 

pseudomallei complex MLST system (Table 1), demonstrating the significant genetic diversity 

found within both species. This is especially the case considering that four of the strains (B. 
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mayonis sp. nov., BDU6T and BDU8; B. savannae sp. nov., BDU18 and BDU19) were collected 

from the same single soil sample. Although BDU18 and BDU19 appear closely related on the 

core genome phylogeny (Figure 1), there are 4,962 SNPs differentiating these two isolates.  

Finished assemblies were completed for both B. mayonis sp. nov. strains (BDU6T and 

BDU8) and two of the four B. savannae sp. nov. strains (MSMB266T and MSMB852) using 

PacBio sequencing. The assemblies for B. mayonis sp. nov. strains BDU6T and BDU8 consist of 

two contigs, corresponding to the two chromosomes typical of Burkholderia spp.; the 

chromosomes 1 and 2 of BDU6T are 3,838,800 bp and 2,752,114 bp, respectively, whereas 

chromosomes 1 and 2 of BDU8 are 4,439,942 bp and 2,917,588, respectively. The assemblies for 

B. savannae sp. nov. strains MSMB266T and MSMB852 consist of three contigs each, 

corresponding to two chromosomes and one plasmid each; chromosome 1, chromosome 2, and 

the plasmid of MSMB266T (pMSMB0266) are 4,228,278 bp, 2,824,254 bp, and 375,023 bp, 

respectively, whereas chromosome 1, chromosome 2, and the plasmid of MSMB852 

(pMSMB0852) are 4077888 bp, 2934072 bp, and 69213 bp, respectively. The PacBio assemblies 

for the other two B. savannae sp. nov. strains, BDU18 and BDU19, consist of four contigs each 

consisting of contig sizes of 4,097,543 bp, 249,544 bp, 66,284 bp, and 2,746,170 bp for BDU18 

and 2,833,644 bp, 2,161,131 bp, 1,648,896 bp, and 215,161 bp for BDU 19 (Table 1). The 

PacBio whole-genome sequence NCBI accession numbers for BDU6T are CP013386.1 for 

chromosome 1 and CP013387.1 for chromosome 2; and for MSMB266T are CP013417.1 for 

chromosome 1, CP013418.1 for chromosome 2, and CP013419.1 for pMSMB0266. The PacBio 

whole-genome assembly NCBI accession numbers for all strains are listed in Table 1. 

The core genome phylogeny revealed the phylogenetic positions of B. mayonis sp. nov. and 

B. savannae sp. nov. in relation to each other and to other species in the Bpc (Fig. 1). B. 
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savannae sp. nov. forms a distinct clade that is separate from all other species in the Bpc. 

Although B. mayonis sp. nov. is most closely related to B. oklahomensis, it also forms a distinct 

and separate clade with >35,000 core genome SNPs separating it from B. oklahomensis.  

The ANI and dDDH values calculated among the B. mayonis sp. nov. and B. savannae sp. 

nov. strains, and between them and strains from other species in the Bpc, supports our proposal 

that the B. mayonis sp. nov. and B. savannae sp. nov. strains belong to their corresponding 

species and that B. mayonis sp. nov. and B. savannae sp. nov. are distinct from all other Bpc 

species. Although the two B. mayonis sp. nov. strains have a dDDH value of 68.5 ± 2.9, which is 

slightly below the similarity threshold defining members of the same species, the ANI value 

(95.63%) supports these two strains belonging to the same species. The amount of genetic 

diversity observed between these two B. mayonis sp. nov. strains is quite intriguing, especially 

given that both strains were collected from not only the same location but also the same soil 

sample. Isolating additional B. mayonis sp. nov. strains from soil collected in other locations will 

shed important new insights on overall levels of genetic diversity within this novel species. The 

ANI and dDDH values for the four B. savannae sp. nov. strains (ANI: 98.98% to 99.31%, 

dDDH: 92.6 ± 1.8 to 93.5 ± 1.7; Table 4) clearly support that these strains are members of the 

same species. Collectively, ANI values above 95% and/or dDDH values above 70 indicate that 

each set of strains belongs to its corresponding single species, including the proposed B. mayonis 

sp. nov. type strains BDU6T and the proposed B. savannae sp. nov. type strain MSMB266T. As 

expected, ANI values between B. pseudomallei and its host-adapted clone, B. mallei, were 

>95%, as previously shown (4, 13, 15). However, the remaining ANI values <95% and dDDH 

values <70% indicate separate species for B. mayonis sp. nov., B. savannae sp. nov., and the 

other Bpc species, with ANI values ranging from 83.73% to 94.67% and dDDH values ranging 
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from 29.3 ± 2.4 to 59.8 ± 2.8 (Table 4). This confirms that the B. mayonis sp. nov. strains 

comprise a distinct species from B. oklahomensis and the other species in the Bpc, as do the B. 

savannae sp. nov. strains. 

The sizes of the pan-genomes in B. mayonis sp. nov. and B. savannae sp. nov. were 7,460 

and 7,804 coding DNA sequences (CDSs), respectively, with core-genome sizes of 4,448 and 

5,435 CDSs, respectively. There were 223 CDSs within B. mayonis sp. nov. and 159 CDSs 

within B. savannae sp. nov. that share no close homolog to those within all other examined 

public Burkholderia genome assemblies (n=3,269). An analysis based on clusters of orthologous 

genes (COGs) identified the broad functional categories of some of these unique genes (Figure 

2), although the majority of CDSs could not be classified or the function was unknown. Many 

unique CDSs in both B. mayonis sp. nov. and B. savannae sp. nov. were identified in clusters. 

For example, a number of unique coding regions in a contiguous cluster were associated with 

phage (B. mayonis sp. nov., in strain BDU8 WS71_RS21930 to WS71_RS22315; B. savannae 

sp. nov., in strain BDU18 WS72_RS13230 to WS72_RS13570), suggesting these regions are 

mobile genetic elements associated with phage integration into the chromosome. Although other 

phages have been associated with virulence in Burkholderia (45), the function of these particular 

phages is not known and could be the focus of future study. 

The ability to distinguish between B. mayonis sp. nov. or B. savannae sp. nov. and other 

commonly isolated species of the Bpc, such as B. pseudomallei and B. thailandensis, in 

environmental and, less likely, clinical samples is important. Obviously, this could be achieved 

via whole genome sequencing of isolates, but this often is not possible, particularly in developing 

areas of the world. Different colony morphologies on Ashdown’s agar should provide a clear 

distinction between these two novel species and B. pseudomallei and B. thailandensis but there 
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could be morphological differences within species based on differences among strains, across 

geographic locations, and among different laboratories. Fortunately, distinguishing B. mayonis 

sp. nov. or B. savannae sp. nov. from other Burkholderia spp. can be achieved with biochemical 

tests. B. mayonis sp. nov. and B. savannae sp. nov. can be distinguished from B. pseudomallei 

with tryptophan and from B. thailandensis with arginine. Of course, the most definitive way to 

distinguish among any of the Bpc species would be to use whole genome sequencing (4) or 

species-specific PCR assays, if available. 

There are several reasons why members of the Bpc, including B. mayonis sp. nov. and B. 

savannae sp. nov., are of interest to the wider scientific community. The Bpc includes the U.S. 

Tier 1 Select Agents B. pseudomallei and B. mallei. Previously, we demonstrated the importance 

of including near-neighbor genomes when designing sensitive and specific diagnostics for B. 

pseudomallei (4, 46). B. mayonis sp. nov. and B. savannae sp. nov. share seven and 23 CDSs, 

respectively, with the B. pseudomallei core genome that are not shared by other species in the 

Bpc (Figure 3). Thus, the addition of genomes from these novel species further constrains CDSs 

in the B. pseudomallei core genome that can be used as diagnostic targets for that species and, as 

such, the B. mayonis sp. nov. and B. savannae sp. nov. whole genome sequences provided here 

should be utilized when designing DNA-based assays specific for B. pseudomallei. Members of 

the Bpc, and Burkholderia species in general, also can be sources of novel natural products (18, 

19). Indeed, Burkholderia species have been demonstrated to be useful for bioremediation (47, 

48), biocontrol (49), and as potential sources of novel antibiotics (50). The detailed genomic data 

generated in this study, and the deposition of the type strains in public strain collections, will 

hopefully facilitate detailed bioprospecting studies of B. mayonis sp. nov. and B. savannae sp. 

nov. 
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Description of Burkholderia mayonis sp. nov. 

Burkholderia mayonis sp. nov. (may.o.e.i.) L. gen. adj. mayonis, pertaining to Mark Mayo, an 

experienced and highly respected Burkholderia scientist in Australia whose family is linked 

culturally to Badu Island, an island located in the Torres Strait archipelago of Queensland, 

Australia, where the first group of members of this species was isolated. Mark Mayo was present 

on Badu Island when the strain was collected, and he serves as a mentor for local indigenous and 

non-indigenous scientists in northern Australia and elsewhere.  

The organism is Gram-negative, rod-shaped, and non-spore forming. Growth is observed at 

25°C and 37°C within 24 hours on Ashdown’s selective agar, Columbia blood agar, MacConkey 

agar, and Luria-Bertani agar. Optimal growth at 37°C for 48-72 hours and at 25°C for 72-96 

hours aerobically. No hemolysis on Columbia blood agar.  

Assimilation (API 20NE) was found for arginine, adipate, caprate, citrate, gluconate, 

glucose, malate, mannitol, mannose, nitrate, N-acetylglucosamine, and phenylacetate, whereas it 

is negative for arabinose, glucose (acidification), urea, 4-nitrophenyl-β D-galactopyranoside 

(PNPG), and tryptophan. Gelatin is hydrolyzed. Assimilation of maltose and esculin hydrolysis 

is strain-dependent (Table 2).  

Positive (API ZYM) for acidic phosphatase, alkaline phosphatase, esterase, esterase lipase, 

lipase, leucine arylamidase, and naphthol-AS-BI-phosphohydrolase. Enzymes absent on API 

ZYM are trypsin, -chymotrypsin, - and -galactosidase, -glucuronidase - and -

glucosidase, -mannosidase, and -frucosidase with inconsistent results for cystin arylamidase, 

N-acetyl--glucosaminidase, and valine arylamidase. This species is aerobic, oxidase positive, 

and catalase negative with no immediate bubbling. 
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B. mayonis sp. nov. strains are resistant to gentamicin and polymyxin B, have resistance or 

immediate resistance to chloramphenicol, but are susceptible to amoxicillin/clavulanic acid, 

ceftazidime, doxycycline, imipenem, meropenem, and trimethoprim/sulfamethoxazole. 

The type strain is BDU6T, which has been deposited to the American Type Culture 

Collection as TSD-80 and the Belgian Co-ordinated Collections of Microorganisms as LMG 

29941. 

Description of Burkholderia savannae sp. nov. 

Burkholderia savannae sp. nov. (sa.van.na. TAINO or Spanish origin. noun. savannae, 

pertaining to grassy plains with scattered trees in tropical regions with distinct wet and dry 

seasons, where the first group of members of this species was isolated).  

The organism is Gram-negative, rod-shaped, and non-spore forming. Growth is observed at 

25°C and 37°C within 24 hours on Ashdown’s selective agar, Columbia blood agar, MacConkey 

agar, and Luria-Bertani agar. Optimal growth at 37°C for 48-72 hours aerobically. No hemolysis 

on Columbia blood agar. Colony morphology varied between strains.  

Assimilation (API 20NE) was found for arginine, adipate, caprate, citrate, gluconate, 

glucose, malate, mannitol, mannose, N-acetylglucosamine, and phenylacetate, whereas it is 

negative for glucose (acidification), urea, 4-nitrophenyl-β D-galactopyranoside (PNPG), and 

tryptophan. Hydrolysis of gelatin and esculin and the assimilation of arabinose, maltose, and 

nitrate are strain-dependent (Table 2).  

Positive (API ZYM) for acidic phosphatase, alkaline phosphatase, cystin arylamidase, 

esterase, esterase lipase, lipase, leucine arylamidase, naphthol-AS-BI-phosphohydrolase, and 

valine arylamidase. Enzymes absent on API ZYM are trypsin, -chymotrypsin, - and -

galactosidase, -glucuronidase - and -glucosidase, -mannosidase, and -frucosidase, with 
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inconsistent results for N-acetyl--glucosaminidase. This species is aerobic, oxidase positive, 

and catalase negative with no immediate bubbling. 

B. savannae sp. nov. strains are resistant to gentamicin and polymyxin B, but are susceptible 

to amoxicillin/clavulanic acid, ceftazidime, doxycycline, imipenem, meropenem, and 

trimethoprim/sulfamethoxazole; immediate resistance or susceptibility to chloramphenicol is 

strain dependent. 

The type strain is MSMB266T, which was deposited to the American Type Culture 

Collection as TSD-82 and the Belgian Co-ordinated Collections of Microorganisms as LMG 

29940. 
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Tables and Figures 

Chapter 4 Tables 

Table 1. Whole-genome sequence, sequence type (ST), and epidemiology data for B. 

pseudomallei complex species, including B. mayonis sp. nov. and B. savannae sp. nov. Two 

chromosomes are present for all genomes and some also include a single plasmid. All B. mayonis 

sp. nov. and B. savannae sp. nov. strains originated from Australia, and all were isolated from 

soil. 

 

a PacBio sequencing from this study resulting in a complete genome. 

b PacBio sequencing from this study resulting in four contigs. 

c One plasmid present. 

Species and strain

GC 

content 

(%)

Genome 

size 

(Mb)

No. of 

CDS
d

NCBI 

assembly 

accession 

number ST
f

Region of 

isolation or 

country Year Originating lab

B. mayonis  sp. 

nov. BDU6
T                        

66.25 6.6
a 5,672 ASM152374v2

 e 1003 Badu Island QLD 2011 James Cook University

B. mayonis  sp. 

nov. BDU8          
66.47 7.4

a 6,368 ASM152263v2
 e 962 Badu Island QLD 2011 James Cook University

B. savannae sp. 

nov. MSMB266
T                       

67.05 7.4
a,c 6,408 ASM152444v2

 e 646 Acacia Hills NT 2006
Menzies School of 

Health and Research

B. savannae sp. 

nov. MSMB852    
67.32 7.1

a,c 6,024 ASM152462v2
 e 1773 Robin Falls NT 2010

Menzies School of 

Health and Research

B. savannae sp. 

nov. BDU18
67.25 7.2

b 6,056 ASM154691v1 963 Badu Island QLD 2011 James Cook University

B. savannae sp. 

nov. BDU19
67.49 6.9

b 5,785 ASM154695v1 964 Badu Island QLD 2011 James Cook University

B. singularis 

MSMB175         
64.8 5.7 4,715 ASM171887v1

e n/a Australia 2004
Menzies School of 

Health and Research

B. humptydooensis 

MSMB43
67.14 7.3

c 6,324 ASM151374v1
e 318 Australia 1995

Menzies School of 

Health and Research

B. thailandensis

E264

B. oklahomensis 

C6786
66.9 7.1 6,097 ASM17037v1 81 United States 1973 n/a external genome

B. pseudomallei 

K96243
68.05 7.2 5,948 ASM1154v1

e 10 Thailand 1998 n/a external genome

B. mallei

ATCC 23344

1994 n/a external genome

68.5 5.8 5,006 ASM1170v1 40 Burma 1944 n/a external genome

67.6 6.7 5,652 ASM1236v1
e 80 Thailand
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d CDS = coding DNA sequences 

e Complete genome assembly available from NCBI. 

f Based on the B. pseudomallei MLST (https://pubmlst.org).  
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Table 2. Differential phenotypic characteristics of strains of B. mayonis sp. nov., B. savannae sp. 

nov., as well as representative strains from closely related species within the B. pseudomallei 

complex. Species: Bp, Burkholderia pseudomallei; Bt, B. thailandensis; Bo, B. oklahomensis; 

Bm, B. mayonis sp. nov.; Bs, B. savannae sp. nov.. +, positive reaction; -, negative reaction. All 

strains were positive for the assimilation of adipate, caprate, citrate, gluconate, glucose, malate, 

mannitol, mannose, N-acetylglucosamine, and phenylacetate; and all strains were negative for 

glucose (acidification), urea, and PNPG (these data not shown). 

 

 

  

Bp
* Bt Bo Bm Bm Bs Bs Bs Bs

K96243 E264 C6786 BDU6
T BDU8 MSMB266

T MSMB852 BDU18 BDU19

Nitrate + + + + + + + - +

Tryptophan + - - - - - - - -

Arginine + - + + + + + + +

Esculin - + + - + - - - +

Gelatin + + + + + + - + +

Arabinose assimilation - + + - - - + - -

Maltose assimilation - + + + - - + - -

Characteristic (compound present in medium or assimilated by strain)

Biochemical reaction

* Data obtained from a previous study (23).
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Table 3. Summary of minimal inhibitory concentrations (MICs) of antimicrobials determined in 

duplicate by the microdilution method for B. mayonis sp. nov. (Bm) and B. savannae sp. nov. 

(Bs).  

 

1 For amoxicillin/clavulanic acid, clavulanic acid was maintained at 4 mg/ml in all wells. 

2 For ceftazidime/avibactam, avibactam was maintained at 4 µg/ml in all wells.  

Bm Bm Bs Bs Bs Bs

BDU6
T BDU8 MSMB266

T MSMB852 BDU18 BDU19

Amoxicillin/clavulanic acid
1 ≥32/16 (40)  8/4 ≤4/2  8/4  8/4  8/4  8/4

Azithromycin >64 >64 >64 >64 >64 >64

Carbenicillin 128 64 64 32 64 64

Ceftazidime ≥32 (40) ≤4 ≤4 ≤4 ≤4 ≤4 ≤4

Ceftazidime/avibactam
2  4/4  1/4 ≤0.5/4 ≤0.5/4 ≤0.5/4 ≤0.5/4

Chloramphenicol ≥32 (41) 32 16 8 16 8 16

Ciprofloxacin 2 ≤0.5 ≤0.5 ≤0.5 1 1

Doripenem ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5

Doxycycline ≥16 (40) ≤1 ≤1 ≤1 ≤1 ≤1 ≤1

Gentamicin 32 >64 32 32 64 64

Imipenem ≥16 (40) ≤1 ≤1 ≤1 ≤1 ≤1 ≤1

Kanamycin 16 32 16 16 16 32

Meropenem ≥16 (41) ≤1 ≤1 ≤1 ≤1 ≤1 ≤1

Piperacillin ≤8 ≤8 ≤8 ≤8 ≤8 ≤8

Piperacillin/tazobactam ≤8/4 ≤8/4 ≤8/4 ≤8/4 ≤8/4 ≤8/4

Polymyxin B 512 >2048 512 >2048 >2048 >2048

Sulfamethoxazole >512 256 >512 >512 >512 >512

Tigecycline 1 0.5 2 1 1 1

Trimethoprim 4 4 2 ≤1 4 2

Trimethoprim/sulfamethoxazole ≥4/76 (40)  2/38 ≤1/19 ≤1/19 ≤1/19 ≤1/19 ≤1/19

MIC (mg/liter)

Antimicrobial substance

Resistance 

breakpoint 

(mg/liter) 

if available
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Table 4. ANI and dDDH values for whole-genome sequences similarities. Assemblies used for 

analyses are listed in Table 1. Species: Bma, B. mallei; Bp, Burkholderia pseudomallei; Bt, B. 

thailandensis; Bo, B. oklahomensis; Bh, B. humptydooensis; Bm, B. mayonis sp. nov.; Bs, B. 

savannae sp. nov.; Bsi, B. singularis. 

 

a Average nucleotide identity (ANIb) are shown in the bottom left half of the matrix (below the 

line of identity, i.e., the line formed by blank cells for comparison of strains with themselves); 

digital DNA-DNA hybridization (dDDH) (with confidence intervals) are shown in the top right 

half of the matrix. Values in shaded boxes represent values above the similarity threshold that 

defines members of the same species. 

ANIb or dDDH value for comparison with genome of
a
:

Species and 

strain

Bma

ATCC 

23344
T

Bp

K96243

Bt

E264

Bo

C6786

Bh

MSMB 

43
T

Bm

BDU8

Bm

BDU6
T

Bs

MSMB 

266
T

Bs

MSMB 

852

Bs

BDU18

Bs

BDU19

Bsi

MSMB 

175

Bma 

ATCC23344

92.7 ± 

1.8

48 ± 

2.6

42.6 ± 

2.6

50.2 ± 

2.7

40.9 ± 

2.5

41 ± 

2.5

42.6 ± 

2.5

42.6 ± 

2.6

42.6 ± 

2.5

42.6 ± 

2.5

30.4 ± 

2.5

Bp 

K96243
98.09

47.2 ± 

2.6

40.1 ± 

2.5

48.6 ± 

2.6

38.8 ± 

2.5

39.5 ± 

2.5

40.1 ± 

2.5

40.4 ± 

2.5

40.3 ± 

2.5

40.5 ± 

2.5

29.3 ± 

2.4
Bt 

E264
T

91.54 92.17
42.9 ± 

2.6

52.9 ± 

2.7

41.9 ± 

2.6

41.8 ± 

2.5

43.6 ± 

2.5

43.6 ± 

2.6

43.5 ± 

2.6

43.6 ± 

2.6

30.4 ± 

2.5

Bo C6786
T 89.42 89.61 89.78

43.5 ± 

2.6

59.8 ± 

2.8

59.1 ± 

2.8

42.8 ± 

2.6

43.1 ± 

2.6

42.9 ± 

2.6

43.1 ± 

2.6

30.1 ± 

2.5
Bh 

MSMB43
T

91.44 91.92 92.22 90.53
42.3 ± 

2.6

42.4 ± 

2.6

44.2 ± 

2.5

44.5 ± 

2.6

44.7 ± 

2.6

44.4 ± 

2.6

29.8 ± 

2.5

Bm 

BDU8
89.04 89.23 89.47 94.67 90.17

68.5 ± 

2.9

41.8 ± 

2.6

41.7 ± 

2.5

41.5 ± 

2.5

41.6 ± 

2.6

29.5 ± 

2.5
Bm 

BDU6
T

89.15 89.47 89.77 94.50 90.32 95.63
41.9 ± 

2.6

41.9 ± 

2.5

41.7 ± 

2.5

41.9 ± 

2.6

29.4 ± 

2.5
Bs 

MSMB266
T

89.82 89.97 90.31 90.88 90.86 90.64 90.45
92.6 ± 

1.8

92.8 ± 

1.8

93 ± 

1.75

29.5 ± 

2.5

Bs 

MSMB852
89.94 90.20 90.66 91.18 91.06 90.75 90.65 99.06

92.8 ± 

1.8

92.7 ± 

1.8

29.6 ± 

2.5

Bs 

BDU18
89.81 90.00 90.36 91.05 91.03 90.63 90.46 99.02 98.98

93.5 ± 

1.7

29.6 ± 

2.5

Bs 

BDU19
89.98 90.25 90.73 91.25 91.19 90.83 90.67 99.25 99.31 99.31

29.6 ± 

2.5

Bsi 

MSMB175
83.73 83.84 84.13 84.32 84.64 84.25 84.34 84.13 84.23 84.22 84.22
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Chapter 4 Figures 

 

Figure 1. Core genome phylogeny of 66 strains (Table S2) in the B. pseudomallei complex, 

including two B. mayonis sp. nov. strains and four B. savannae sp. nov. strains. This maximum-

likelihood phylogeny was created using core genome SNPs shared by all strains and rooted on B. 

ubonensis strain MSMB22 as an outgroup. Bold numbers at nodes indicate bootstrap support 

values and non-bolded numbers indicate the number of core SNPs defining that node. Collapsed 

nodes are shown in gray. The type strains are reflected with a T superscript in the strain name.  
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Figure 2. Cluster of orthologous genes (COG) classification (n=18) of unique coding DNA 

sequences (CDSs) in B. savannae sp. nov. strains (n=97 unique CDSs) and B. mayonis sp. nov. 

strains (n=149 unique CDSs) with some CDSs that have no homolog (unknown) resulting in 31 

unique CDSs for B. savannae sp. nov. and 42 unique CDSs for B. mayonis sp. nov. The COG 

categories are as follows with the number of unique CDSs for B. savannae sp. nov. and B. 

mayonis sp. nov. listed respectively after each COG category: C) energy production and 

conversion (5; 0), D) cell cycle control and mitosis (1; 3), E) amino acid metabolism and 

transport (6; 2), F) nucleotide metabolisms and transport (1; 1), G) carbohydrate metabolism and 

transport (4; 9), H) coenzyme metabolism (2; 0), I) lipid metabolism (1; 5), J) translation (1; 1), 

K) transcription (11; 7), L) replication, recombination and repair (6; 12), M) cell 

wall/membrane/envelop biogenesis (2; 11), P) inorganic ion transport and metabolism (2; 3), Q) 

secondary structure (4; 13), S) function unknown (16; 34), T) signal transduction (0; 1), U) 
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intracellular trafficking and secretion (2; 2), V) defense mechanisms (2; 3). All classifications 

were performed with the eggnog-mapper.  
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Figure 3. Overlap of the B. pseudomallei core genome (n=4,452 CDSs) with pan-genomes from 

other species in the B. pseudomallei complex (Bpc). Included B. pseudomallei CDSs have a blast 

score ratio (BSR) value >0.8 in at least one genome from the near-neighbor species. Gray 

regions for each bar represent CDSs that are uniquely covered by at least one genome from that 

species; the number at the end of the bar corresponds to these CDSs. Black bars represent B. 

pseudomallei core CDSs found in the indicated species and other species in the Bpc.   
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Supplemental information 

MALDI-TOF 

Preparations of bacterial isolates (BDU6T, BDU8, MSMB266T, MSMB852, BDU18, 

BDU19) for matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) were done according to the ethanol/formic acid extraction protocol 

recommended by the manufacturer (Bruker Daltonics) and as previously described (1). Briefly, a 

loopful of bacterial material was evenly dissolved in 300 μl analytical grade water, and 900 μl 

pure ethanol was added. The cell suspension was centrifuged at 13,000 × g for 2 minutes and the 

supernatant was discarded. The centrifugation was repeated, and the residual ethanol was 

discarded. The pellet was air dried and thoroughly resuspended in 5-50 μl 70% formic acid 

depending on the size, and, finally, an equal volume of acetonitrile was added. After 

centrifugation at 13,000 × g for 2 minutes, 1 μl of the supernatant was transferred to the MALDI 

target plate. After air-drying at room temperature 1 μl of matrix solution (saturated solution of α-

cyano-hydroxy-cinnaminic acid in 50% aqueous acetonitrile containing 2.5% trifluoroacetic 

acid) per spot was was applied. MALDI-TOF MS was conducted using a Microflex LT mass 

spectrometer (Bruker Daltonics) equipped with a nitrogen laser. All spectra were recorded in 

linear, positive ion mode across a mass/charge ratio (m/z) of 2,000 to 20,000. The acceleration 

voltage was 20 kV. Spectra were collected as a sum of 240 shots across a spot. Main spectra 
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were calculated from 8 spectra per strain and used for construction of a score oriented 

dendrogram by using the BioTyper software (version 2.3, Bruker Daltonics). In these analyses B. 

mayonis sp. nov. and B. savannae sp. nov. strains grouped together with other members of the B. 

pseudomallei complex and with B. ubonensis from the B. cepacia complex and (Fig. S4). 
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Fig. S1. Geographic origin of B. mayonis sp. nov. (Badu Island) and B. savannae sp. nov. 

(Acacia Hills, Badu Island, and Robin Falls) isolates from the environment (Google Earth, US 

Dept of State Geographer, Data SIO, NOAA, US Navy, NGA, GEBCO, Image 

Landset/Coperricus, ©2018 Google). Panel B is a zoomed in version of panel A.  
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Fig. S2. B. mayonis sp. nov. (BDU6T) on four media types after 96 hours of incubation at 25°C. 

Panels A. Ashdown’s Agar; B. Columbia Blood Agar; C. MacConkey Agar; D. Luria-Bertani 

Agar. 

 



120 

 

 

Fig. S3. B. savannae sp. nov. (MSMB266T) on four media types after 96 hours of incubation at 

25°C. Panels A. Ashdown’s Agar; B. Columbia Blood Agar; C. MacConkey Agar; D. Luria-

Bertani Agar. 
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Fig. S4. Dendrogram demonstrating strain relatedness revealed by MALDI – TOF analysis. B. 

mayonis sp. nov. strains are in blue text while B. savannae sp. nov. strains are in green text. 

Although BDU5 was not described in this study the MALDI-TOF analysis suggests that this may 

be an additional B. mayonis sp. nov. strain and this is further supported by BDU5, BDU6, and 

BDU8 all reported as putative species 2 in a previous study (2). MSMB264 was also not 

described in this study but the MALDI-TOF analysis suggests that it may be an additional B. 

savannae sp. nov. strain. 
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Fig. S5. 16S maximum likelihood phylogeny using unique copies of 16S from B. mayonis sp. 

nov. and B. savannae sp. nov. strains, bolded (1,529 bp and 23 sequences). Rooted with B. 

ubonensis. 
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Table S1. The blast score ratios of three virulence genes, bimA, the type III secretion system 

(T3SS), and the type VI secretion system 5 (T6SS-5) across the B. mayonis sp. nov. and B. 

savannae sp. nov. strains. The blast score ratios are show where “0” (white) represents the locus 

fully absent and “1” (red) represents the locus fully present for that strain. 

  B. mayonis B. savannae B. pseudomallei 

Locus Region BDU8 BDU6 MSMB 
266 

BDU19 BDU18 MSMB 
852 

K96243 1026b 

BPSS1492 bimA 0.30 0.19 0.31 0.19 0.19 0.19 1.00 1.00 

BPSS1390 T3SS 0.52 0.19 0.53 0.53 0.52 0.53 1.00 1.00 

BPSS1391 T3SS 0.34 0.05 0.33 0.33 0.33 0.33 1.00 1.00 

BPSS1392 T3SS 0.47 0.19 0.45 0.45 0.45 0.45 1.00 1.00 

BPSS1393 T3SS 0.27 0.12 0.29 0.28 0.29 0.28 1.00 1.00 

BPSS1394 T3SS 0.74 0.49 0.74 0.74 0.74 0.74 1.00 1.00 

BPSS1395 T3SS 0.35 0.07 0.36 0.36 0.36 0.36 1.00 1.00 

BPSS1396 T3SS 0.17 0.07 0.18 0.18 0.18 0.18 1.00 1.00 

BPSS1397 T3SS 0.54 0.26 0.53 0.53 0.53 0.53 1.00 1.00 

BPSS1398 T3SS 0.26 0.00 0.28 0.28 0.28 0.28 1.00 0.99 

BPSS1399 T3SS 0.30 0.00 0.28 0.29 0.29 0.29 1.00 1.00 

BPSS1400 T3SS 0.50 0.24 0.49 0.49 0.50 0.49 1.00 1.00 

BPSS1401 T3SS 0.67 0.36 0.68 0.68 0.67 0.68 1.00 1.00 

BPSS1402 T3SS 0.21 0.08 0.21 0.21 0.21 0.21 1.00 0.99 

BPSS1403 T3SS 0.23 0.00 0.21 0.21 0.21 0.21 1.00 1.00 

BPSS1404 T3SS 0.79 0.46 0.79 0.79 0.79 0.79 1.00 1.00 

BPSS1405 T3SS 0.60 0.34 0.60 0.60 0.60 0.60 1.00 1.00 

BPSS1406 T3SS 0.09 0.07 0.11 0.11 0.12 0.12 1.00 0.96 

BPSS1407 T3SS 0.28 0.07 0.30 0.30 0.30 0.31 1.00 0.99 

BPSS1408 T3SS 0.32 0.20 0.32 0.32 0.33 0.32 1.00 1.00 

BPSS1409 T3SS 0.00 0.18 0.16 0.18 0.18 0.17 1.00 0.96 

BPSS1410 T3SS 0.73 0.00 0.72 0.72 0.72 0.72 1.00 1.00 

BPSS0091 T6SS-5 0.21 0.29 0.81 0.81 0.81 0.81 1.00 0.99 

BPSS0092 T6SS-5 0.28 0.41 0.91 0.90 0.91 0.90 1.00 1.00 

BPSS0093 T6SS-5 0.28 0.32 0.89 0.89 0.89 0.89 1.00 1.00 

BPSS0094 T6SS-5 0.00 0.26 0.85 0.84 0.84 0.84 1.00 1.00 

BPSS0095 T6SS-5 0.08 0.00 0.77 0.77 0.77 0.77 1.00 0.99 

BPSS0096 T6SS-5 0.06 0.07 0.83 0.84 0.84 0.84 1.00 0.99 



124 

 

BPSS0097 T6SS-5 0.76 0.76 0.98 0.98 0.98 0.98 1.00 1.00 

BPSS0098 T6SS-5 0.86 0.86 0.99 0.99 0.99 0.99 1.00 1.00 

BPSS0099 T6SS-5 0.69 0.70 0.96 0.96 0.96 0.96 1.00 0.99 

BPSS0100 T6SS-5 0.44 0.45 0.89 0.89 0.89 0.89 1.00 0.99 

BPSS0101 T6SS-5 0.64 0.64 0.99 0.99 0.99 0.99 1.00 1.00 

BPSS0102 T6SS-5 0.39 0.39 0.93 0.93 0.93 0.93 1.00 1.00 

BPSS0103 T6SS-5 0.44 0.44 0.91 0.91 0.91 0.91 1.00 1.00 

BPSS0104 T6SS-5 0.00 0.00 0.86 0.86 0.86 0.86 1.00 0.99 

BPSS0105 T6SS-5 0.28 0.28 0.85 0.86 0.86 0.85 1.00 0.97 

BPSS0106 T6SS-5 0.24 0.20 0.82 0.82 0.82 0.82 1.00 1.00 

BPSS0108 T6SS-5 0.00 0.00 0.64 0.64 0.64 0.64 1.00 0.99 

BPSS0109 T6SS-5 0.00 0.00 0.48 0.47 0.47 0.47 1.00 1.00 

BPSS0110 T6SS-5 0.39 0.39 0.92 0.92 0.92 0.92 1.00 0.99 

BPSS0111 T6SS-5 0.53 0.53 0.96 0.96 0.96 0.95 1.00 1.00 

BPSS0112 T6SS-5 0.65 0.66 0.99 0.99 0.99 0.99 1.00 1.00 

BPSS0113 T6SS-5 0.43 0.43 0.93 0.93 0.93 0.93 1.00 1.00 

BPSS0114 T6SS-5 0.37 0.36 0.90 0.90 0.90 0.90 1.00 1.00 

BPSS0115 T6SS-5 0.05 0.05 0.82 0.82 0.82 0.82 1.00 0.99 

BPSS0116 T6SS-5 0.79 0.79 0.92 0.92 0.92 0.92 1.00 1.00 

BPSS0117 T6SS-5 0.85 0.14 0.87 0.87 0.87 0.87 1.00 1.00 
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Table S2. Pairwise matrix of 16S rRNA sequence percent identity and SNPs. Top half of matrix 

lists the number of SNPs and the bottom half of the matrix lists the percent identity of the 16S 

rRNA gene sequences. Species: Bma, Burkholderia mallei; Bp, B. pseudomallei; Bt, B. 

thailandensis; Bo, B. oklahomensis; Bh, B. humptydooensis; Bm, B. mayonis sp. nov.; Bs, B. 

savannae sp. nov.; Bsi, B. singularis; Bu, B. ubonensis. 

 

 

Bo 
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c1

Bo 
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Bo 
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22 c3

Bu 
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22 c1

Bu 

MSMB

22 c2

Bs 
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9

Bs 

MSMB

266 

c1, 4

Bs 

MSMB

852 c 

1-4

Bs 

BDU1

8 c 1-

4

Bs 

MSMB

266 c2-

3

Bsi 

MSMB

715

Bm 

BDU6 

c1

Bm 

BDU6 

c2-4

Bm 

BDU8 

c1-3

Bm 

BDU8 

c4

Bma 

ATCC

23344 

c2

Bma 

ATCC

23344 

c1

Bp 

K9624

3 c1

Bp 

K9624

3 c2

Bh 

MSMB

43 c2

Bt 

E264

Bh 

MSMB

43 c1

Bo E0147 c1
100 5 2 33 31 32 22 22 22 23 23 30 24 23 21 22 25 24 24 23 26 23 27

Bo E0147 c2
99.7 100.0 3 31 29 30 20 20 20 21 21 30 24 23 19 20 24 23 23 22 25 21 25

Bo C6786
99.9 99.8 100.0 31 29 30 20 20 20 21 21 28 24 23 19 20 23 22 22 21 24 21 25

Bu MSMB22 c3
97.8 98.0 98.0 100.0 2 3 22 24 24 23 23 29 31 32 34 35 27 26 24 25 21 26 26

Bu MSMB22 c1
98.0 98.1 98.1 99.9 100.0 1 20 22 22 21 21 27 29 30 32 33 25 24 22 23 19 24 24

Bu MSMB22 c2
97.9 98.0 98.0 99.8 99.9 100.0 21 23 23 22 22 28 30 31 33 34 26 25 23 24 20 25 25

Bs BDU19
98.6 98.7 98.7 98.6 98.7 98.6 100.0 4 4 3 3 23 16 17 20 21 23 22 20 21 22 18 22

Bs MSMB266 c1, 4
98.6 98.7 98.7 98.4 98.6 98.5 99.7 100.0 2 1 1 21 20 21 16 17 25 24 22 23 24 20 24

Bs MSMB852 c 1-4
98.6 98.7 98.7 98.4 98.6 98.5 99.7 99.9 100.0 1 1 21 20 21 16 17 25 24 22 23 24 20 24

Bs BDU18 c 1-4
98.5 98.6 98.6 98.5 98.6 98.6 99.8 99.9 99.9 100.0 0 20 19 20 17 18 24 23 21 22 23 19 23

Bs MSMB266 c2-3
98.5 98.6 98.6 98.5 98.6 98.6 99.8 99.9 99.9 100 100.0 20 19 20 17 18 24 23 21 22 23 19 23

Bsi MSMB715
98.0 98.0 98.2 98.1 98.2 98.2 98.5 98.6 98.6 98.7 98.7 100.0 27 28 26 27 17 16 14 15 31 22 27

Bm BDU6 c1
98.4 98.4 98.4 98.0 98.1 98.0 99.0 98.7 98.7 98.8 98.8 98.2 100.0 1 12 13 20 19 17 18 29 14 19

Bm BDU6 c2-4
98.5 98.5 98.5 97.9 98.0 98.0 98.9 98.6 98.6 98.7 98.7 98.2 99.9 100.0 11 12 19 18 18 17 28 13 18

Bm BDU8 c1-3
98.6 98.8 98.8 97.8 97.9 97.8 98.7 99.0 99.0 98.9 98.9 98.3 99.2 99.3 100.0 1 22 21 21 20 27 12 19

Bm BDU8 c4
98.6 98.7 98.7 97.7 97.8 97.8 98.6 98.9 98.9 98.8 98.8 98.2 99.1 99.2 99.9 100.0 23 22 22 21 28 13 20

Bma ATCC23344 c2
98.4 98.4 98.5 98.2 98.4 98.3 98.5 98.4 98.4 98.4 98.4 98.9 98.7 98.8 98.6 98.5 100.0 1 3 2 26 14 17

Bma ATCC23344 c1
98.4 98.5 98.6 98.3 98.4 98.4 98.6 98.4 98.4 98.5 98.5 99.0 98.8 98.8 98.6 98.6 99.9 100.0 2 1 25 13 16

Bp K96243 c1
98.4 98.5 98.6 98.4 98.6 98.5 98.7 98.6 98.6 98.6 98.6 99.1 98.9 98.8 98.6 98.6 99.8 99.9 100.0 1 25 13 16

Bp K96243 c2
98.5 98.6 98.6 98.4 98.5 98.4 98.6 98.5 98.5 98.6 98.6 99.0 98.8 98.9 98.7 98.6 99.9 99.9 99.9 100.0 24 12 15

Bh MSMB43 c2
98.3 98.4 98.4 98.6 98.8 98.7 98.6 98.4 98.4 98.5 98.5 98.0 98.1 98.2 98.2 98.2 98.3 98.4 98.4 98.4 100.0 15 12

Bt E264
98.5 98.6 98.6 98.3 98.4 98.4 98.8 98.7 98.7 98.8 98.8 98.6 99.1 99.1 99.2 99.1 99.1 99.1 99.1 99.2 99.0 100.0 7

Bh MSMB43 c1
98.2 98.4 98.4 98.3 98.4 98.4 98.6 98.4 98.4 98.5 98.5 98.2 98.8 98.8 98.8 98.7 98.9 99.0 99.0 99.0 99.2 99.5 100.0
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Table S3. List of the 66 assemblies used to construct the WGS phylogeny for Figure 1.  

NCBI assembly 

accession number Burkholderia species Strain ID 

Assembly 

type 

GCA_001522635.2 B. mayonis sp. nov. BDU8 Complete 

GCA_001523745.2 B. mayonis sp. nov. BDU6 Complete 

GCA_001462435.1 B. humptydooensis MSMB122 Chromosome 

GCA_002888035.1 B. humptydooensis MSMB121 Contig 

GCA_002888095.1 B. humptydooensis MSMB122 Contig 

GCA_000170355.1 B. oklahomensis EO147 Contig 

GCA_000755985.1 B. oklahomensis EO147 Complete 

GCA_001522105.2 B. oklahomensis EO147 Complete 

GCA_000170375.1 B. oklahomensis C6786 Contig 

GCA_001522135.2 B. oklahomensis C6786 Complete 

GCA_000959365.1 B. oklahomensis C6786 Complete 

GCA_900608545.1 B. oklahomensis LMG_23618 Contig 

GCA_900446275.1 B. oklahomensis NCTC13388 Contig 

GCA_000011545.1 B. pseudomallei K96243 Complete 

GCA_001524445.2 B. savannae sp. nov. MSMB0266 Complete 

GCA_001546955.1 B. savannae sp. nov. BDU19 Contig 

GCA_001546915.1 B. savannae sp. nov. BDU18 Contig 

GCA_001524625.2 B. savannae sp. nov. MSMB0852 Complete 

GCA_001523725.1 B. singularis TSV85 Contig 

GCA_900176645.1 B. singularis LMG_28154 Contig 

GCA_000012365.1 B. thailandensis E264 Complete 

GCA_000567925.1 B. thailandensis 2002721723 Complete 

GCA_002588555.1 B. thailandensis FDAARGOS_425 Contig 

GCA_002888235.1 B. thailandensis 2002721723 Contig 

GCA_000959425.1 B. thailandensis 2002721643 Complete 

GCA_002891195.1 B. thailandensis FDAARGOS_240 Contig 

GCA_002891115.1 B. thailandensis FDAARGOS_236 Contig 

GCA_003568605.1 B. thailandensis E264 Complete 

GCA_000152285.1 B. thailandensis E264 Chromosome 

GCA_002888315.1 B. thailandensis 2002721643 Contig 

GCA_000567945.1 B. thailandensis E444 Complete 

GCA_002888205.1 B. thailandensis E0444 Contig 

GCA_003614835.1 B. thailandensis FDAARGOS Complete 

GCA_000706745.1 B. thailandensis USAMRU_Malaysia20 Complete 

GCA_001555555.1 B. thailandensis Malaysia20 Contig 

GCA_003614815.1 B. thailandensis FDAARGOS_241 Complete 

GCA_000877335.1 B. thailandensis Phuket4W1 Scaffold 
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GCA_002888355.1 B. thailandensis Phuket4W1 Contig 

GCA_003020025.1 B. thailandensis FDAARGOS_237 Complete 

GCA_000765375.1 B. thailandensis E254 Complete 

GCA_002891095.1 B. thailandensis FDAARGOS_244 Contig 

GCA_002888335.1 B. thailandensis E254 Contig 

GCA_000170395.1 B. thailandensis Bt4 Contig 

GCA_000764595.1 B. thailandensis MSMB59 Complete 

GCA_001718595.1 B. thailandensis MSMB59 Complete 

GCA_001524345.1 B. thailandensis MSMB60 Contig 

GCA_001524325.1 B. thailandensis E1 Contig 

GCA_000170315.1 B. thailandensis TXDOH Contig 

GCA_000808035.2 B. thailandensis 2003015869 Complete 

GCA_001718295.1 B. thailandensis 2003015869 Complete 

GCA_002888425.1 B. thailandensis TXDOH Contig 

GCA_000179515.1 B. thailandensis E555 Contig 

GCA_002803565.1 B. thailandensis 2_1 Contig 

GCA_000567905.1 B. thailandensis H0587 Complete 

GCA_002888395.1 B. thailandensis H0587 Contig 

GCA_003020185.1 B. thailandensis FDAARGOS_238 Complete 

GCA_001718615.1 B. thailandensis 2002721121 Complete 

GCA_000959605.1 B. thailandensis 34 Complete 

GCA_002891155.1 B. thailandensis FDAARGOS_243 Contig 

GCA_001718635.1 B. thailandensis 2002721643 Complete 

GCA_001555485.1 B. thailandensis 2002721621 Contig 

GCA_000170495.1 B. thailandensis MSMB43 Contig 

GCA_000266985.1 B. thailandensis MSMB43 Scaffold 

GCA_000385525.1 B. thailandensis MSMB121 Complete 

GCA_002386205.1 B. thailandensis FDAARGOS_426 Complete 

GCA_000959245.1 B. ubonensis MSMB22 Complete 
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