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ABSTRACT 

 

Melioidosis is caused by the bacterium, Burkholderia pseudomallei, and is an emerging 

disease and a major health concern in its main areas of endemicity, Southeast Asia and 

northern Australia. Generally, B. pseudomallei is a saprophytic and hydrophilic organism 

whose survival is enhanced in soil with high moisture content. Its environmental niche is 

restricted to soil and surface water samples in areas that have high moisture (rainfall) and 

high temperatures. There is also a strong association between the incidence of melioidosis 

with monsoonal rainfall and extreme weather events such as cyclones. 

 

This treatise examined water parameters and the occurrence of the melioidosis agent, 

Burkholderia pseudomallei in 47 water bores in northern Australia. B. pseudomallei was 

isolated using conventional culture methods and was associated with soft, acidic bore 

water of low salinity but high iron levels. This finding aids in identifying water supplies at 

risk of contamination with this pathogenic bacterium. 

 

Furthermore, this treatise also investigated a number of methods to extract B. pseudomallei 

DNA from bore water with the DNA subsequently amplified using an assay targeting the 

Type III Secretion (TTS) System. B. pseudomallei DNA was detected, however the 

sensitivity resulting from every trialled extraction method was not high. Further 

investigations of DNA extraction methods are indicated.  
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1 LITERATURE REVIEW 
 

1.1 Introduction 
This literature review aims to provide a brief overview of the current knowledge of the 

causative agent of melioidosis, Burkholderia pseudomallei. It aims to provide a clear 

understanding of its epidemiology and microbiology with particular emphasis on 

environmental factors that affect its survival. This chapter is concluded with a brief 

overview of the methods currently available to detect and quantify B. pseudomallei in 

environmental samples.  

 

1.2 Melioidosis 
 

1.2.1 Introduction 

Melioidosis is a severe and potentially fatal disease caused by the bacterium Burkholderia 

pseudomallei. It was first described by Alfred Whitmore who observed a disease similar to 

glanders in morphine addicts in Rangoon, Burma (present day Myanmar) (1,2). Glanders 

usually occurs in equine animals and is characterised by pulmonary lesions and highly 

infectious nasal discharge. Melioidosis is an emerging disease and a major health concern 

in its main areas of endemicity, Southeast Asia and northern Australia (3). Additionally, B. 

pseudomallei’s high resilience, potential transmission by aerosols and poor therapy 

responses (3,4) make it an attractive weapon for biological warfare and it is currently listed 

as a CDC Bioterrorism Category B biological agent (21). 

 

B. pseudomallei is a bacterium of which relatively little is known. However, the last 20 

years have seen great strides made by scientists as they aim to better understand the 

epidemiology, bacteriology, pathogenesis and treatment of melioidosis.  
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1.2.2 Worldwide Distribution 

Melioidosis is a tropical disease and its distribution is therefore generally restricted to the 

equatorial region of the world (3). Thailand and the tropical north of Australia experience 

the highest levels of melioidosis (3,4). Vietnam, Malaysia and Myanmar also experience 

high levels of melioidosis with cases reported more sporadically in other countries such as 

Laos, Indonesia, Taiwan, India, The Philippines, Papua New Guinea, Myanmar, Hong 

Kong, Sri Lanka, Cambodia, Singapore and China (3,4). 

 

Generally speaking, B. pseudomallei is a saprophytic and hydrophilic organism whose 

survival is enhanced in soil with high moisture content. Its environmental niche is 

restricted to soil and surface water samples in areas that have high moisture (rainfall) and 

high temperatures (25). There is also a strong association between the incidence of 

melioidosis with monsoonal rainfall and extreme weather events such as cyclones 

(3,4,26,27). 

 

The definitive diagnosis of melioidosis is the isolation of the causative bacterium, 

Burkholderia pseudomallei from the sufferer (23). Most of the countries where melioidosis 

is considered endemic are rural and/or developing countries and generally the laboratory 

facilities present are inadequate for effectively detecting and isolating B. pseudomallei 

(3,4,15). As a result, it is likely that in these areas, melioidosis is probably highly 

misdiagnosed. 

 

Figure 1.1 shows the endemicity of B. pseudomallei and melioidosis based on current 

epidemiological data. 
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Figure 1.1 Burkholderia pseudomallei Endemicity (105) 

 

 

1.2.3 Clinical Presentation 

Pneumonia is the most common presentation of melioidosis (3). B. pseudomallei was 

found to be the most common cause of fatal community-acquired bacteraemic pneumonia 

at the Royal Darwin Hospital in the Northern Territory of Australia (106). Current data 

suggests that pneumonia is usually a sequelae of haematogenous spread from a primary 

site of inoculation such as skin or soft tissue infections, although pneumonia as a 

consequence of inhalation as a mode of infection has also been reported (3).  

Melioidosis usually manifests as an asymptomatic infection that may convert to a 

clinically apparent infection later in life, a localised soft-tissue infection, pneumonia or 

septicaemia with fulminant septic shock (34). 

 

A major difference in clinical presentations between Australian and Asian cases is the high 

incidence of prostatic abscesses observed in 18% of male cases in Australia (44) and the 

higher incidence (although still rare) incidence of encephalomyelitis (3) that is observed in 

Australia when compared to the Asian series. It was suggested that the high numbers of 
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prostatic abscesses may result from sexual transmission but this has not been denied or 

confirmed. Another hypothesis proposed suggests that prostatic abscesses may result from 

haematogeneous spread (B. J. Currie – personal communication). Suppurative parotitis has 

been noted in 40% of paediatric cases in Thailand but has not been observed in Australia 

and is rarely seen in adults (45). There is also a high proportion of patients in Thailand 

who present with hepatic and splenic abscess however this same presentation in Australia 

is relatively low (46). 

 

Skin and soft tissue infections are common and may result in haematogenous spread to the 

lungs, prostate and other organs or also progress to septicaemia with fulminant septic 

shock (3). In the Northern Territory, 25% of patients suffering from melioidosis could 

identify an infected injury as the probable source of their infection (29). Skin and soft 

tissue infections may also however be the result of haematogenous spread (3). 

 

Other, less common manifestations of B. pseudomallei infection include neurological 

melioidosis, brain abscesses, bone infection, scrotal abscesses, corneal ulcers, mycotic 

aneurisms, thyroid abscesses, myocardial abscesses, endocarditis, mediastinal infection 

and abscesses of other organs within the peritoneal cavity (3). 

 

1.2.4 Mode of Infection 

Melioidosis in humans and animals occurs from infection with B. pseudomallei from the 

environment (15) as exhibited in Figure 1.2. 
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Figure 1.2 Melioidosis Cycle of Transmission (3) 

 

 

Melioidosis is usually the result of three different modes of infection; inoculation, 

inhalation or ingestion (3,15).  

 

It is generally recognised that the majority of melioidosis cases result from the 

percutaneous inoculation (8) of open cuts or sores. Rice farmers (3,4,28) and Indigenous 

Australians (3) have an increased risk of exposure to B. pseudomallei in contaminated soil 

or water due to occupation and lifestyle. Haematogenous spread normally results in 

pneumonia and even sepsis within 9 days (29). 

 

Inhalation as a mode of infection with B. pseudomallei was first postulated after a cluster 

of U.S soldiers returning from Vietnam returned with pulmonary melioidosis, thought to 

be attributed to occupational exposure to airborne soil particles (3). Further studies that 

demonstrated an association between melioidosis and extreme weather events (3,26) 

suggested that inhalation is a significant source of infection, though much less than 

percutaneous inoculation. It has been demonstrated that periods of high rainfall and winds 

correlate with a shift from inoculation to inhalation as a method of transmission (30). 
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Inhalation of B. pseudomallei due to severe weather events also appears to result in greater 

severity of disease (30) with mortality rates significantly higher. Additionally, near-

drowning episodes that are associated with a high inoculum of B. pseudomallei are 

associated with a higher severity of disease (3,4,27). Melioidosis was also detected in 

survivors of the 2004 Boxing Day Tsunami (81). 

 

An outbreak of melioidosis in pigs in southeast Queensland in the early 1980s suggests 

that B. pseudomallei infection can occur outside areas of endemicity (31). Heavy rains and 

flooding immediately preceded the outbreak and although no B. pseudomallei was isolated 

from water samples, it was assumed that surface water run-off was the source of the 

outbreak. An outbreak of melioidosis in humans in Western Australia has also been linked 

to a contaminated drinking water supply as a result of soil disturbances in the area (32). 

Furthermore, a cluster of melioidosis cases was observed in the Northern Territory and this 

was also linked to a contaminated drinking water supply (33). In this particular case, B. 

pseudomallei isolates from six of nine patients were clonal and found in the water supply, 

but not in soil from the region (33).  

 

Ingestion as a mode of infection has been implicated in the above papers (31-33), however 

it is poorly understood, and it is not known whether it is a primary mode of infection or 

whether it occurs simultaneously with inhalation or percutaneous inoculation. 

 

Other methods of possible infection observed include person-to-person infection, sexual 

transmission, perinatal transmission, epizoonotic infection, and a case of percutaneous 

infection through contaminated detergent has also been observed although these modes of 

infection are increasingly less likely (3). These modes of infection have occurred only in 
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low incidence and it is generally recognised that percutaneous inoculation, inhalation and 

ingestion are the most common infective events. 

 

1.3 Risk Factors 
The exposure of an individual to B. pseudomallei in the environment can result in no 

effect, asymptomatic seroconversion or clinical infection (4). The effect that B. 

pseudomallei invokes upon exposure is dependent on the dose of inoculum, the mode of 

infection, the virulence of the strain of B. pseudomallei and on the susceptibility of the 

potential host (3,4,15).  Fatal melioidosis usually occurs in individuals who suffer from 

underlying diseases such as diabetes where metabolic acidosis often results as a 

consequence of the widespread B. pseudomallei infection (34).  

 

Diabetes mellitus is by far the most common risk factor for developing melioidosis (4,37). 

Individuals suffering from diabetes mellitus have an estimated relative risk of 5.9 to 13.1 

to develop melioidosis (3). It is believed that the true prevalence rate of diabetes could be 

as high as 55% in remote areas of the Top End of the Northern Territory (35). It is also 

suggested that pre-diabetic glucose intolerance may also be a risk factor for melioidosis 

(3). This makes melioidosis an emerging infectious disease of tremendous importance in 

the Northern Territory given the region’s demographic. High rates of diabetes in 

melioidosis patients have been observed in both Australia and Thailand (3). 

 

It has been suggested in Australia that individuals with high occupational or recreational 

soil exposure in endemic areas are 10 times more likely to contract melioidosis (36). This 

correlates with other studies in Southeast Asia that identified B. pseudomallei’s presence in 

soil and surface water of rice paddies and in a high number of clinical isolates from 
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patients with occupational exposure to this environment (3,4,14,15). 81% of patients in 

Thailand are rice farmers (38,39).  

 

Indigenous Australians also experience frequent exposure to potentially contaminated soil 

as a result of their lifestyle which can include daily activities such as employment, hunting, 

or recreation (15,37). Indigenous Australian ethnicity is a risk factor for contracting 

melioidosis with a relative risk of 2.7 to 8.1 (3). Indigenous Australians with diabetes have 

a relative risk of 20.6 (CI 95% 19.6-21.6) of contracting melioidosis (37) which indicates 

an interaction between Aboriginal ethnicity and diabetes resulting in an increased 

susceptibility to developing melioidosis. 

 

Excessive alcohol intake has been identified in the Top End of the Northern Territory as a 

significant risk factor for developing melioidosis (37). A 14-year prospective study of 

melioidosis cases in the Top End determined that excessive alcohol intake was present in 

37% of cases and results in a relative risk of 2.1 (95% CI 1.6-2.6) (37). Studies in Thailand 

only identified excessive alcohol intake in 12% of melioidosis cases and failed to exhibit 

the same strength of association (38,39).  

 

Chronic renal disease is recognised as being a risk factor for melioidosis in northern 

Australia (37) and is also recognised as a risk factor in Thailand (39). The notification rate 

of renal disease in the Northern Territory is 2,431 per 1,000,000 population which is 

almost 3 times the rate of renal disease observed throughout the rest of Australia (40). The 

Northern Territory also has the highest proportion of Indigenous people in Australia and it 

is well recognised that Indigenous Australians experience renal disease at a higher rate 

than non-indigenous (41). The high rates of renal disease in the Northern Territory, in 
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particular amongst Indigenous Australians provides B. pseudomallei with a highly 

susceptible population to infect. 

 

As previously mentioned, inhalation has been suggested as a mode of infection for B. 

pseudomallei. Chronic lung disease is a risk factor for melioidosis with a relative risk of 

4.3 (95% CI 3.4-5.5) (37). An association between severe weather events and a shift to 

inhalation as a mode of infection around these events, appears to suggest that patients are 

more likely to suffer a higher severity of disease as a result (3,26,30). Pulmonary 

melioidosis has also been observed in cystic fibrosis sufferers who have travelled to areas 

of B. pseudomallei endemicity (42,43) suggesting that these individuals may be more 

susceptible to B. pseudomallei infection. 

 

Other risk factors for B. pseudomallei infection include thalassaemia (39), male gender 

(37,39), and kava use (3). There have also been cases of melioidosis reported that have 

occurred following splenectomy, anaemia, neutropaenia, chronic granulomatous disease, 

dengue haemorrhagic fever, systemic lupus erythematosis, steroid use, glucose-6-

phosphate deficiency, haemosiderosis and porphyria cutanea tarda (3). 

 

Cases of melioidosis have been noted in individuals undergoing steroidal therapy for 

systemic lupus erythematosus (107) as well as in an individual suffering from acute 

lymphoblastic leukaemia (108), a renal transplant recipient (109) and a sufferer of chronic 

granulomatous disease (110). The interaction of B. pseudomallei with neutrophils has been 

observed (111) and it has been suggested that some of the risk factors above and their 

associated impairment of neutrophil function (112,113) may result in these comorbidities 

increasing an individual’s risk of being infected with B. pseudomallei (3,44). 
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An environmental factor which predicts high mortality from B. pseudomallei infection is 

the intensity of rainfall that occurs in the 2 weeks prior to admission of the sufferer 

(26,30,37). It is postulated that this may be due to a higher rate of inhalation or a higher 

dose of inoculum. Although not a physiological risk factor, it should be recognised that 

extreme rainfall and other extreme weather events are likely to increase the incidence of 

melioidosis in endemic areas. Table 1.1 exhibits the crude and adjusted relative risk (RR) 

for melioidosis in the Top End of the Northern Territory of Australia (37). 

 

Table 1.1 Population-Based Crude and Adjusted RR for Melioidosis in the Top End (37) 
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1.4 Burkholderia pseudomallei - Microbiology 
 

1.4.1 General Bacteriology 

Burkholderia pseudomallei has been known in the past as Bacillus pseudomallei, Bacillus 

Whitmorii, Bacille de Whitmore, Whitmore’s Bacillus, Malleomyces pseudomallei, and 

Pseudomonas pseudomallei. B. pseudomallei has only been referred to as such since 1992 

(3). Burkholderia pseudomallei is a member of the class Beta Proteobacteria and the genus 

Burkholderia (82). B. pseudomallei is an oxidase positive, motile, facultatively anaerobic, 

gram negative bacillus. It exhibits bipolar staining, is vacuolated and slender and has 

rounded ends when viewed microscopically (3,4).  

 

B. pseudomallei is unable to utilize arabinose as a sole carbon source and as a result can be 

differentiated biochemically from its close relative, the apathogenic Burkholderia 

thailandensis (5). Additionally, B. pseudomallei possesses Type III Secretion System gene 

cluster 1 (TTS1) while B. thailandensis does not (17). This is the basis for a new sensitive 

and specific method for detecting B. pseudomallei DNA based on PCR amplification 

(17,18). The real time PCR method targeting TTS1 is useful for detecting B. pseudomallei. 

The Type III Secretion genes are responsible for delivering virulence factors directly into 

host cells and plays an important role in pathogenicity (17). 

 

1.4.2 Burkholderia mallei – A Very Close Relative 

Burkholderia mallei is the causative agent of glanders, a disease that primarily affects 

horses but which may also infect humans. Inoculation occurs when victims come into 

contact with nasal discharges or food or trough water that has been infected by these 

discharges (9). Whitmore and others were able to use B. mallei’s immotility and negative 

oxidase result to distinguish it from B. pseudomallei and other bacteria (1,2,7,8). Unlike 
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most other Burkholderiaceae, B. mallei is not a saprophytic organism and requires a 

mammalian reservoir (7). There have been no cases of glanders in Australia since 1891 

and B. mallei has never been detected on Australian soil (7,8). It is likely that the 

diagnoses of glanders in Australia prior to 1891 were based on clinical symptoms rather 

than the isolation of B. mallei as the aetiological agent.  

 

A recent study utilising Multilocus Sequence Typing (MLST) suggests that B. mallei is in 

fact B. pseudomallei’s closest genetic relative (10). MLST is a DNA fingerprinting method 

widely used to characterise bacterial isolates based on sequence fragments of different 

housekeeping genes (11). The study by Godoy et al. (2003) using MLST showed B. mallei 

isolates clustered within B. pseudomallei sharing alleles at 6 of 7 loci in housekeeping 

genes. Under the postulates of population genetics, Burkholderia mallei is considered to be 

a clone of B. pseudomallei and does not differ sufficiently enough to be considered a 

separate species (10). 

 

B. mallei is not a saprophytic organism, is not endemic in Australia and is not considered 

to be an important human pathogen. However, B. mallei’s use as a biothreat weapon in 

WWI and its potential to infect humans make it an important bacterium which needs to be 

controlled. 

 

1.4.3 Burkholderia thailandensis – Another Close Relative 

As previously mentioned, Burkholderia thailandensis’s ability to utilize arabinose as a sole 

carbon source is a characteristic trait that is used to differentiate it from B. pseudomallei 

(5). This ability to assimilate arabinose correlates with a low level of virulence when 

compared to B. pseudomallei, although B. thailandensis has been known to cause 

melioidosis-like illness in isolated incidences (13,14).  
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In Thailand, B. thailandensis is widely distributed in the soil and in pooled surface water 

such as rice paddies (3). B. thailandensis is morphologically, biochemically and 

serologically very similar to B. pseudomallei (15). It is thought that previous serological 

studies that have identified high rates of B. pseudomallei seropositivity, particularly in 

Southeast Asia, might not only be a result of exposure to B. pseudomallei but also to the 

antigenically similar but avirulent B. thailandensis (15). This finding may also help to 

explain the higher rates of seropositivity in Thailand when compared to Australia (3). 

 

The recent isolation and genetic analysis of a Burkholderia thailandensis–like organism, 

MSMB 43, from a bore water sample in northern Australia indicates that this organism is 

divergent from B. pseudomallei and B. thailandensis (16). Even though B. thailandensis 

has not been isolated in Australian samples, it is probably present based on this new 

information and evolutionary extrapolation. This has major effects on the laboratory 

detection of B. pseudomallei in humans and in particular, environmental samples. A new, 

sensitive and specific method for detecting B. pseudomallei DNA based on PCR 

amplification of orf2 of the B. pseudomallei specific TTS1 does not detect the close 

relatives of B. pseudomallei such as B. thailandensis, B. ubonensis and B. oklahomensis 

which also exist in the soil (12,17,18).  

 

1.4.4 Other Burkholderiaecea Species 

There are many other Burkholderia spp commonly isolated from soil, water and animals. 

Most are non-pathogenic however there are approximately 30 species that are known to be 

pathogenic to animals and plants. The ecology and pathogenicity of many species is poorly 

understood (19).   
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Burkholderia oklahomensis is a closely related organism of B. pseudomallei. B. 

oklahomensis was first isolated from the wound discharge of an American farmer in 1973, 

and from soil in the area. Until recently, it was known as the Oklahoma strain of 

Burkholderia pseudomallei as it was culturally, morphologically and biochemically similar 

to B. pseudomallei (22). B. oklahomensis can be distinguished from B. pseudomallei and 

B. thailandensis using MLST as the alleles of the seven loci are not shared by either B. 

pseudomallei or B. thailandensis (10). B. oklahomensis can also be differentiated from B. 

pseudomallei serologically and through fatty acid analysis (22). It is thought that like B. 

thailandensis, B. oklahomensis is less virulent than B. pseudomallei (22). 

 

Burkholderia cepacia is a commonly isolated saprophytic organism that is known to cause 

nosocomial infections and infections in immunocompromised patients such as those with 

chronic granulomatous disease and cystic fibrosis (21). Like other Burkholderia spp, it can 

be isolated from a number of environmental sources. B. cepacia can often be mistaken for 

B. pseudomallei due to its similar colony appearance and the unreliability of substrate tests 

in the conventional laboratory (23). However, B. pseudomallei can be differentiated 

effectively from B. cepacia using the molecular methods already described (10,11,18,20). 

 

Burkholderia ubonensis is also another closely related organism that is very similar to B. 

thailandensis. Burkholderia ubonensis has recently been isolated from soil samples in 

northern Australia. It is arabinose +ve and can therefore be easily differentiated from B. 

pseudomallei (24). 
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1.5 Burkholderia pseudomallei – Environmental Microbiology  
 

1.5.1 Introduction 

B. pseudomallei is a saprophytic organism found in soil and water samples mainly in 

northern Australia and Southeast Asia (3,6). Its endemicity is restricted to tropical areas 

that have high moisture (i.e. rainfall) and high temperatures (25). B. pseudomallei has also 

contaminated community and agricultural water supplies (5,31,32,33) presumably due to 

bacteria entering from the adjacent soil environment. Although no zoonotic reservoir has 

been identified for B. pseudomallei (50), laboratory experiments indicate that B. 

pseudomallei is capable of intracellular parasitisation of Acanthamoeba spp (49). This 

could facilitate the survival of B. pseudomallei during periods of unfavourable 

environmental conditions. B. pseudomallei is an extremely resilient organism. It can 

survive for long periods in environments with low nutrient availability (47), can tolerate a 

wide pH range and also appears to survive within a wide temperature range (48). Early 

reports described B. pseudomallei to be more susceptible to ultraviolet (UV) light as 

compared to other soil bacteria (3,34,48),.  

 

1.5.2 A Saprophytic Organism 

B. pseudomallei was first recognised as being a saprophytic organism in 1955 in French 

Indochina (87). A cluster of melioidosis cases was observed amongst US helicopter crews 

returning from the conflict in Vietnam (3,4,34,87) and suggested that inhalation of 

contaminated soil could lead to pulmonary B. pseudomallei infection. A study in Malaysia 

in the 1960s (25) identified that B. pseudomallei was present in soil samples in a number 

of states and showed that temperature and soil moisture content appeared to be crucial for 

the survival of the organism.  
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In Southeast Asia, B. pseudomallei is most likely to be detected in soil from cleared, well 

irrigated land used for agriculture. In Thailand, up to two thirds of rice paddies contain B. 

pseudomallei (15). B. pseudomallei has also been isolated from the surface water of sports 

fields in Singapore (51). In Australia, the organism was isolated from the soil in paddocks 

grazed by infected animals (15,88). These identified niches correlate with the higher 

prevalence of melioidosis seen in rice farmers, servicemen, miners, adventure travellers 

and Indigenous people who have frequent exposure to these environments (34). 

 

1.5.3 Soil Depth 

B. pseudomallei load declines in the layers of soil closest to the surface, particularly in the 

absence of rainfall (50). A study in Townsville, Australia in the late 1970s identified that 

B. pseudomallei was more likely to be isolated from clay samples 25-45cm below the 

surface (52). Further studies suggest that B. pseudomallei counts increase to a depth of 60-

90cm below the surface (52,53). Clay electrostatically attracts bacteria and water 

molecules and retains water that would otherwise migrate with the aid of gravity to the 

water table below (52). 

 

The suggestion that B. pseudomallei is susceptible to UV light (48) may contribute to the 

inability of the organism to survive in soil closer to the surface however its enhanced 

survival at a depth of 60-90cm is much more likely to be due to a series of factors. 

However, B. pseudomallei is commonly isolated from surface water in heavily irrigated 

areas such as rice fields in Southeast Asia (3,24,28,37). 

 

The detection of B. pseudomallei by polymerase chain reaction (PCR) in drier surface soil 

samples which were culture negative, suggests that B. pseudomallei may persist in a viable 
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but nonculturable (VBNC) state in unfavourable environments, such as layers of soil closer 

to the surface (54). It also suggests that PCR is more sensitive than culture methods.  

 

1.5.4 Soil Hydration 

Studies show that B. pseudomallei’s preferred habitat is soil with a high content of water 

as exhibited in Table 1.2 (48). 

Table 1.2 Water Content in Soil and Survival of B. pseudomallei (48) 

Water Content (%) 0 5 10 20 40 80 

Survival Time (days) 30 40 70 439 726 726 

 

Soil hydration is a major factor affecting the survival of the organism. B. pseudomallei can 

not survive in a culturable form in soil with a water content less than 10% (55). The 

increased incidence of melioidosis in humans and animals following rain and floods 

(3,26,31) exhibits just how important soil hydration is to enhanced growth and 

reproduction. Soil hydration also leads to an increase of infectious aerosols. This could be 

attributed to B. pseudomallei rising closer to the surface with the rising water table or to 

the activation of nonviable bacteria by the creation of a more desirable environment. 

Further studies need to be undertaken in this area. 

 

1.5.5 pH 

The optimal pH for growth of B. pseudomallei in soil has been proven to be between pH 5-

8 in laboratory samples (48) and more specifically in a later study, between pH 6.5-7.5 

(28). In both of these laboratory studies (28,48), B. pseudomallei was able to persist at a 

wide pH range. In a similar study, bacterial inactivation appears to occur at a pH <4.5 (48). 

This inactivation correlates with an increase in the numbers of VBNC B. pseudomallei 

(34). In the Northern Territory of Australia, samples of garden soil were analysed and 
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samples positive for B. pseudomallei had a much lower pH (median pH 5.5, bootstrap 

estimate 95% CI 5.2-5.8) than samples negative for B. pseudomallei (median pH 6.5, 95% 

CI 6.0-7.0) (114).  

 

Soil samples from areas of known B. pseudomallei habitats in Thailand were of pH 4.4-7.7 

(56) and the normal pH of a typical rice paddy is approximately pH 5.0-6.8 (15). The pH 

of these environments would appear to favour the growth of B. pseudomallei. Studies 

(17,57) notice a correlation between the presence of animals and occurrence of B. 

pseudomallei at particular sites. A significant drop in pH at these sites was recorded and 

attributed to animal droppings and urine and the subsequent nitrification processes 

undertaken by bacteria in the soil (17). 

 

1.5.6 Temperature 

The optimal temperature for B. pseudomallei growth as determined in the laboratory in an 

environmental-mimicking soil medium is between 37-42°C (55). This may account for the 

pattern of endemicity of melioidosis in Southeast Asia and northern Australia (3) where 

the ambient temperature is often high. Additionally, cultivated and cleared land where B. 

pseudomallei is often detected, lacks shade and this could contribute to enhanced growth 

through maintenance of higher temperature. Tong et al. (48) determined that the optimal 

temperature range for B. pseudomallei survival in normal saline was highest at 24-32°C. 

Although studies have shown that B. pseudomallei grows best at higher temperatures, it 

has also been observed to survive for long periods in the laboratory at temperatures as low 

as 5°C (62). More work needs to be done on B. pseudomallei and the survival mechanisms 

it employs to survive in cold conditions. 
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1.5.7 Ultraviolet Light 

Laboratory tests indicate that B. pseudomallei may be susceptible to ultraviolet (UV) light 

(3,34,48). A recent review of the inactivation of bacteria using 254nm UV radiation 

showed that the B. pseudomallei, B. anthracis and other bacteria of biodefense interest had 

similar sensitivities to UV light (89). 

 

1.5.8 Chemical Composition of Environment 

The chemical composition of soil and its potential to influence the survival of B. 

pseudomallei is an area in which very little study has been done (15). B. pseudomallei is 

frequently isolated from rice paddies in Southeast Asia and this environment has been 

proven to be a relatively anaerobic environment (3,4,25,38,50,56). B. pseudomallei is able 

to reduce nitrate and survive in an anaerobic environment (15) and the use of fertilisers 

potentially enhances growth and survival in this environment. An outbreak of melioidosis 

in pigs in Queensland in the 1980s was attributed to river water contaminated from soil 

washed from agricultural land (31). The use of fertilisers on agricultural land could have 

contributed to the growth of B. pseudomallei in this instance, however, this is only 

speculation. 

 

Recent studies in the rural area surrounding Darwin, Australia have detected an association 

between B. pseudomallei and red-coloured (indicating presence of oxidised iron) to red-

brown coloured soil in areas that are environmentally manipulated by humans and animals 

(17,57). It is known that iron is required for the growth of most microorganisms and that 

some organisms produce specific high-affinity iron binding compounds called 

siderophores in order to acquire iron from the environment or their host during infection 

(58). It has been shown that B. pseudomallei is able to produce siderophores in 

environments where iron is in limited supply and also that B. pseudomallei growth is 
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enhanced in an iron rich environment (59). The recent studies in Darwin (57) suggest that 

soils in which B. pseudomallei flourishes are rich in iron. 

 

It is critical to understand the susceptibility of B. pseudomallei to chlorine considering 

chlorine is commonly used to treat drinking water supplies. A number of cases of 

melioidosis have been attributed to contaminated water supplies (31-33,35) and in the Top 

End of the Northern Territory it is estimated that approximately 33% of all bores are B. 

pseudomallei positive (Mark Mayo, manuscript in preparation). Chlorination was used as a 

response to the above melioidosis outbreaks and B. pseudomallei levels can be reduced to 

become undetectable using conventional colony counting techniques (34). However, this 

does not ultimately mean that VBNC B. pseudomallei have been eliminated. From a 

number of modern water treatment techniques, it was concluded that chlorination was the 

most effective means of preventing B. pseudomallei contamination (60). However, 

chlorine tolerance can occur when B. pseudomallei employs parasitisation of 

Acanthomoeba Spp and biofilms as survival mechanisms (61). More studies need to be 

undertaken in this area. 

 

1.5.9 Vegetation 

Very little is known about the interaction of B. pseudomallei with plants. Although B. 

pseudomallei is frequently isolated from rice paddies, very little work has been done to 

actually investigate the specific interactions that may occur between the organism and rice 

plants in the rhizosphere (15,34). Likewise, recent studies in the Northern Territory have 

identified a high incidence of B. pseudomallei at sites with high densities of spear grass 

(57). B. pseudomallei has also been recovered from soil attached to the roots of the 

Australian wattle, Acacia colei (32). More work is needed to understand specific B. 

pseudomallei-plant interactions and how they may enhance survival of the organism. 
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1.5.10 Microflora 

Many other bacterial species, and indeed many other species of Burkholderia are also 

commonly found in soil and water samples (50). An ability to distinguish B. pseudomallei 

from other closely related bacteria in samples is critical. Specific B. pseudomallei-bacteria 

interactions need further investigation and analysis. 

 

B. pseudomallei is able to parasitise certain species of Acanthomoeba spp which is thought 

to enhance its survival in the environment (49), particularly under harsh conditions. B. 

pseudomallei forms vacuoles within Acanthomoeba trophozoites and it is postulated that 

these amoebic vacuoles could be a vector for inhalation of B. pseudomallei, much the same 

way that amoebic passage enhances the virulence of Legionella spp (34). It is also possible 

that amoebic internalisation could heighten B. pseudomallei resistance to the normal 

disinfection effect of chlorination (64,65). Further investigations are recommended to 

determine whether the level of Acanthamoeba can indicate the risk of B. pseudomallei 

contamination of a potable water supply. Human infection has yet to be attributed to B. 

pseudomallei from free-living amoeba (50).  

 

B. pseudomallei is known to form a biofilm at the liquid/air interface in broth and is also 

likely to do this at the same interface in the rhizosphere (34). This kind of protective 

growth environment is thought to contribute to B. pseudomallei’s increased resistance to 

disinfectant and antibiotics (34).  

 

B. pseudomallei has also been demonstrated to survive within the cells of species of fungi 

from the genus Gigaspora (63). These fungi are obligate symbionts with the roots of plants 
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and as a result provide an additional protective barrier for B. pseudomallei from the 

environment.  

 

1.6 Methods for Detecting and Quantifying Burkholderia 

pseudomallei 

 

1.6.1 Culture 

Culture methods, in association with commercial microbial identification kits such as the 

API20E® test panel from Biomerieux have long been used for the identification of 

Burkholderia pseudomallei. Burkholderia spp are generally non-fastidious and as such will 

grow on most media. However, B. pseudomallei often grows slowly and as a result is 

overgrown by faster growing organisms on agar plates. 

 

Ashdown’s selective media is often used to isolate B. pseudomallei from other bacteria. 

Modern Ashdown’s media contains tryptose soy agar, glycerol, neutral red, gentamicin 

and colistin and utilises B. pseudomallei’s strong resistance to some antimicrobials (66) in 

order to differentiate B. pseudomallei from other non-fastidious organisms. This laboratory 

employs an Ashdown’s media consisting of tryptone, crystal violet and gentamicin. B. 

pseudomallei appears as deep-pink colonies while most other organisms are inhibited (68). 

Culture rates can be improved by utilising a B. pseudomallei selective Ashdown’s broth 

medium prior to culture (67).  

 

Culture of B. pseudomallei is time-consuming and potentially inaccurate, particularly 

when organisms such as B. pseudomallei, B. thailandensis, B. mallei and a recently 

discovered B. thailandensis-like organism all exhibit similar colonial and biochemical 

characteristics. Culture methods also only detect viable organisms and can potentially miss 
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VBNC B. pseudomallei. This is of particular concern with regard to the detection of B. 

pseudomallei in drinking water supplies. Moreover, up to 20% of B. pseudomallei strains 

can be misidentified using substrate measures (i.e. culture and biochemical tests) and it is 

essential that identification is confirmed using molecular and agglutination methods (23). 

 

1.6.2 Antigen Detection  

There are a number of antigen tests currently in use for detecting and confirming the 

identity of B. pseudomallei.  

 

In the late 1980s and early 1990s, an enzyme-linked immunosorbent assay (ELISA) which 

targets exotoxin in culture supernatant (69) was developed as was another ELISA targeting 

a 40-kDa secreted protein (70). As these assays target a metabolic product, they obviously 

only detect target viable bacteria and as a result are unsuitable for the testing of 

environmental samples where B. pseudomallei may exist in viable but nonculturable 

forms. 

 

Methods that target cell wall components such as lipopolysaccharides (71), 

exopolysaccharides (72) and a 30-kDa protein (73) have all been developed. There is also 

a latex agglutination test for B. pseudomallei used widely in Thailand that targets the 200-

kDa protein which was found to be highly specific and failed to agglutinate the closely 

related but ara+ B. thailandensis (74). This agglutination test exhibited a sensitivity of 

95.1% and specificity of 99.7% for blood samples culture positive for B. pseudomallei. 

 

1.6.3 Antibody Detection 

Antibody detection methods are obviously unsuitable for detecting B. pseudomallei levels 

in environmental samples. However, it is interesting to note that the 
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immunohaemagglutination (IHA) method commonly employed to detect B. pseudomallei 

antibodies exhibits low specificity and sensitivity (3). In areas of high B. pseudomallei 

endemicity, IHA can detect background seropositivity in almost half the population due to 

childhood exposure to B. pseudomallei or exposure to the less pathogenic B. thailandensis 

(75). Ideally, antibody detection methods become more useful when an individual’s 

background titre is known prior to suspected exposure. This means that at this stage, 

antibody detection methods can only be relied on in conjunction with culture and other 

molecular methods. 

 

This strongly advocates the need for further development of methods that can accurately 

distinguish B. pseudomallei from closely related B. pseudomallei-like organisms. 

 

1.6.4 Molecular Detection Methods 

There are currently several gene targets for the identification of B. pseudomallei; 16sRNA 

genes, fliC, rpsU, and the type III secretion system (TTS) gene cluster (76). This project 

will utilise the recently developed real-time PCR assay which targets orf2 on the TTS1 

cluster of B. pseudomallei which has shown to be highly sensitive and highly specific 

(18,76).  

 

1.6.5 Real-Time PCR Assay Targeting the Type III Secretion System  

A study in the Northern Territory determined that type III secretion (TTS1) genes were 

present in Burkholderia pseudomallei isolates from the region but not in other 

Burkholderia species (6). Gram negative organisms can use the TTS system to deliver 

virulence factors to host cells (6). Winstanley and Hart (17) showed that TTS genes were 

present in all strains of B. pseudomallei but absent in B. thailandensis.  
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A PCR assay targeting the 548-bp region of the B. Pseudomallei type III secretion system 

which includes part of the open reading frame 2 (orf2) has been successfully evaluated to 

detect the presence of B. pseudomallei in culture isolates (17), clinical (90) and soil 

samples (18). orf2 of the TTS1 gene has been shown to be present in all B. pseudomallei 

strains but absent in the closely related B. thailandensis and B. mallei (77). PCR targeting 

the TTS1 gene in B. pseudomallei is extremely useful for differentiating B. pseudomallei 

from B. mallei which in previous MLST studies was found to be a clone of B. 

pseudomallei on the grounds of population genetics (10). 

 

This method has been shown to be 100% specific for B. pseudomallei (18,76). Isolates of 

B. thailandensis, B. cepacia, Cupriavidis spp, Ralstonia taiwanensis, Betaproteobacteria 

spp and other Burkholderia spp all tested negative by soil DNA extraction and PCR 

methods (17). 

 

Novak et al. (76) developed a real-time PCR targeting orf2 of the B. pseudomallei TTS1 

which accurately distinguished a large number of B. pseudomallei isolates from other non-

B. pseudomallei isolates including B. mallei, B. thailandensis, 35 other Burkholderia spp 

isolates and 76 non-Burkholderia isolates. This assay was evaluated with 224 

geographically, temporally and clinically diverse B. pseudomallei isolates and showed 

100% sensitivity with a detection limit of 76 femtograms of DNA. Real-time PCR offers a 

faster means of B. pseudomallei detection and identification as traditional culture requires 

time for the bacterium to grow and for traditional biochemical confirmation tests to be 

performed. Additionally, as PCR targets DNA, it is able to detect VBNC B. pseudomallei 

that culture techniques would generally miss (11,17,18). 
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This real-time PCR assay was adjusted to target DNA in soil samples and was shown to be 

highly specific and sensitive for the detection of B. pseudomallei genomic DNA in soil 

(18). Soil samples that were inoculated with 0.3-0.5CFU/g of B. pseudomallei were 

positive using this method while traditional culture methods could only detect B. 

pseudomallei at a concentration of 5CFU/g or higher (18). 15 non-B. pseudomallei culture 

isolates including Burkholderia thailandensis, three Burkholderia cepacia complex, three 

Burkholderia spp. cluster A, two Burkholderia spp. cluster B, two Cupriavidus spp., two 

Ralstonia taiwanensis, and two other Betaproteobacteria were tested to evaluate the 

specificity of the method. These samples were all negative by soil DNA extraction and 

real-time PCR. 

 

The presence of PCR inhibitors, particularly humic acids from decaying organic matter, in 

certain soil samples reduces the ability of this method to be used quantitatively for 

measuring B. pseudomallei load in soil (18). It is suggested that ‘spiking’ samples with an 

internal control will detect the presence of PCR inhibitors (78). Kaestli et al. (18) 

determined that further purification of DNA after the initial elution and the addition of 

nonacetylated bovine serum albumin, which binds to the humic acids, greatly increased the 

sensitivity of the method. The addition of an incubation step in calcium carbonate also 

increased the DNA recovery rate of this method as the calcium carbonate is known to 

break down soil particles and flocculate humic acids (80). This is of importance given the 

high level of humic acids present in many soil samples in the Darwin rural area (18). 

However, it is not anticipated that humic acids will be present at high levels in bore water 

samples. The use of aurintricarboxylic acid (ATA) has been used previously to inhibit 

nucleases and increase DNA yield from environmental samples (79) and this again was 

demonstrated in this method (18).  
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1.6.6 Multilocus Sequence Typing (MLST) Analysis  

Multilocus sequence typing (MLST) can be applied to almost all bacterial and haploid 

species. MLST utilises sequence data that is publicly available on an ever-expanding 

global database (world-wide web) which is useful for epidemiological studies (11). The 

major advantage of MLST is that it enables the comparison of results from different 

laboratories across the world (11). Previously, most typing methods were time-consuming 

and involved comparing DNA fragments on gels (pulse field gel electrophoresis PFGE) 

with limited inter-laboratory comparability. 

 

For B. pseudomallei, seven housekeeping genes have been identified that are selectively 

neutral and at each of the seven loci, the different alleles are assigned a different number 

(10). The series of numbers at the different loci combine to unambiguously define 

particular strains and sequence types of B. pseudomallei (11).  

 

MLST is able to determine whether isolates are related or different and how the isolate 

relates to other isolates from the same species found around the world. It can also identify 

evolutionary links between species (11). However, MLST lacks discriminatory power 

within closely related B. pseudomallei isolates and with many B. mallei isolates, which are 

close genetic relatives (10). For this reason, particularly when investigating outbreaks, 

variable tandem number repeat (VNTR) based typing can be used. 

 

1.6.7 Variable Tandem Number Repeat (VNTR) Typing 

Variable tandem number repeat (VNTR) typing involves examining regions within 

chromosomal DNA that exhibit relatively short repeat sequences. The number of times that 

this sequence is repeated varies between different individuals and can be used to 
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distinguish between and/or establish relatedness between closely related B. pseudomallei 

isolates. U’Ren et al. (91) identified 32 VNTR loci for B. pseudomallei that had 7–28 

alleles. Multiple-locus VNTR analysis (MLVA) revealed extensive diversity within the 

global isolate set containing B. pseudomallei and B. mallei, and it detected genotypic 

differences within clonal lineages of both species that were identical using previous typing 

methods. Currie et al. (92) and Pearson et al. (93) determined that VNTR typing can 

provide fine scale differentiation between large numbers of closely related isolates and is 

extremely useful for investigating outbreaks at a phylogenetic level. 

 

1.6.8 BOX-PCR Typing 

BOX-PCR is a fingerprinting analysis based on the BOX dispersed-repeat motif which 

was initially identified in Streptococcus pneumoniae, but which is common in a number of 

bacterial species (101). Currie et al. (94) undertook repetitive sequence PCR of a number 

of B. pseudomallei isolates using a BOX A1R primer which was adapted from a previous 

method developed for Burkholderia cenocepacia (102). However, this method suffers 

from low reproducibility and low inter-laboratory comparability. 

 

1.7 Methods for Detecting and Quantifying Acanthamoeba spp.  
Inglis et al. (49) observed bacterial endocytosis when B. pseudomallei was co-cultured 

with A. astronyxis, A. castellani and A. polyphaga. Four genera of free-living amoeba are 

opportunistic pathogens capable of causing human disease. These are Acanthamoeba spp., 

Balamuthia mandrillaris, Naegleria fowleri and Sappinia diploidea  (97,115). N. fowleri 

levels are monitored in the Northern Territory’s water supplies however, Acanthamoeba 

spp. levels are not (98). 
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The Northern Territory Government Power & Water Corporation conducted widespread 

monitoring of N. fowleri in its water supplies in 2006-2007 and maintains a chlorine 

concentration level of 0.5mg/L in order to achieve target levels of <2 organisms/L (98). As 

bores are often not chlorinated, this project aimed to detect the presence or absence of 

Acanthamoeba spp and any potential relationship to the presence or absence of B. 

pseudomallei in bore water in the Darwin rural area. 

 

1.7.1 Real-time Amoeba PCR 

Acanthamoeba spp., N. fowleri and other amoeba can be cultured on E. coli seeded non-

nutrient agar and identified on the basis of the distinctive morphology of their trophozoites 

and cysts (95). However, this method of identification relies heavily on the expertise of the 

scientist and the subjectivity of microscopic identification. PCR is an appealing alternative 

to this method as it is rapid, reproducible, sensitive and can be performed by scientists 

without the vast experience needed for microscopic detection. Qvarnstrom et al. (96) 

developed a multiplex real-time PCR for simultaneous detection of Acanthamoeba spp., 

Balamuthia mandrillaris and Naegleria fowleri in CSF. This method was evaluated and 

was able to detect <1 amoeba per 50µL sample with no cross-reactivity observed when 

seven strains of Acanthamoeba spp., three strains of B. mandrillaris, and six strains of N. 

fowleri were tested. Additionally, there was no background fluorescence observed when 

CSF was spiked with a limited number of other organisms and suggests that this assay is 

highly specific and sensitive. 

 

1.8 Conclusions 
The literature reviewed above exhibits a rapidly evolving recognition of melioidosis as a 

disease of importance in areas of endemicity and as a potential bioterrorism weapon. 
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Studies are gradually improving our understanding of the microbiological, environmental 

and clinical aspects of the melioidosis causing bacterium, Burkholderia pseudomallei. 

Detection of B. pseudomallei has been greatly improved following the development of 

increasingly sensitive and specific molecular identification techniques. These techniques 

have facilitated the differentiation of B. pseudomallei from B. thailandensis and other B. 

pseudomallei-like organisms which are closely-related and serologically cross-reactive, 

nonpathogenic organisms. 

 

Studies have shown that B. pseudomallei is present in a number of bore water samples in 

the rural area of Darwin, northern Australia (99). This treatise will investigate the 

occurrence, distribution and diversity of B. pseudomallei and examine physio-chemical 

properties which may affect its survival at these sites. 
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2 STUDY OBJECTIVES 
 
 

- To optimise and validate for water samples, an existing molecular detection 

technique for B. pseudomallei currently in use for soil samples. 

 

- To conduct sampling of n random bores in the Darwin rural area to establish a 

satisfactory population of B. pseudomallei positive and negative sites for the study. 

 

- To determine which constructional aspects and/or physicochemical properties of 

these bore sites contribute to the presence of B. pseudomallei. 
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3 METHODS 
 

3.1 Ethics 

This project was undertaken following ethics approval from the Menzies School of Health 

Research, consistent with similar previous studies by the Division of Tropical and 

Emerging Infectious Diseases. Verbal consent was obtained from the owners of properties 

that were included in this study. Copies of information brochures handed to property 

owners prior to testing are located in the Appendix 2. 

 

Owners of properties were verbally informed of the aims of the research, the procedures 

involved and the time commitment expected of the participants and researchers on their 

property. Participants were given letters after the study informing whether their bores had 

tested positive or negative for the presence of B. pseudomallei. These letters also contained 

basic field-testing results. These letters can be found in the Appendix 3. 

 

3.2 Selection of Bores 
Bores were opportunistically selected for sampling in the Darwin Rural Area. While 

selected opportunistically, bore selection was stratified for aquifer type, namely ‘fractured 

carbonate rock’ aquifer and ‘fractured and weathered rock’ aquifer. The type of aquifer for 

each bore was determined using the Northern Territory Government Department of 

Natural Resources, Environment, The Arts And Sport (NRETA) webpage (104) which 

contains information supplied by bore drilling companies at the time of drilling. Where 

this information was not available, the aquifer that each bore was drilled into was 

estimated using NRETA’s Groundwater Supply Prospects and Hydrogeology Map of the 

Litchfield Shire (Appendix 1). 
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For the purposes of this study, fractured rock aquifers included carbonate and dolomitic 

aquifers while fractured and weathered rock aquifers included siltstone, sandstone, shale, 

quartz, clay, mud and silt (100). It was also ensured that an equal representation of bores of 

‘good’ and ‘poor’ construction designs were included as shown in Figure 3.1 (85). Bores 

whose construction included sealing of the bore head with a concrete slab and casing of the 

bore with concrete or gravel for the first 6m of the bore directly below the surface were 

referred to as having a ‘good’ design. Those bores lacking these features were classified as 

bores of ‘poor’ design. 

 

Figure 3.1 Bore Construction (85) 
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3.3 Sampling of Bores 
Bore water samples were collected from the bore head where possible or failing that, the 

nearest point to the bore head that availed sampling. Water samples were collected after 1 

minute, 30 minutes and 1 hour of pumping. Samples were taken at these time intervals to 

represent water originating mainly from the bore head, the bore shaft and the aquifer itself 

after 1 hour of pumping. When a storage tank was present on the property, a 1L sample of 

water was also collected from the tank. Figure 3.2 illustrates a typical bore during 

sampling. 

 

Figure 3.2 A Typical Bore During Sampling 

 

 

3.4 Bore Information 
The following information was collected at each bore site and recorded in the Bore Water 

Study Form located in Appendix 10; 
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- RN number (bore registration number with NRETAS) 

- Property address 

- Global positioning system (GPS) coordinates 

- Year of construction 

- Aquifer type 

- Bore depth 

- Whether the bore is elevated or not 

- A diagram of the bore’s construction 

- A photograph of the bore  

- Whether the bore is cased with concrete or not 

- Whether the bore is pumped to a tank or not 

- Whether the bore is used for irrigation or not 

- Which season the bore is used in 

- Whether the owner’s chlorinate their tank or not 

- Whether maintenance of the bore occurs 

- Whether changes have been to made to the bore since initial construction 

- Any other information 

 

3.5 Field Testing of Bore Samples 
Water samples were tested using field test kits on site for pH, temperature and 

electroconductivity (TPS® AQUA C/P, TPS, Australia), total nitrates (Hanna® 

Instruments HI3874 Nitrate Test Kit, Hanna, Italy), total iron (Hanna® Instruments 

HI3834 Iron Test Kit, Hanna, Italy), phosphates (Hanna® Instruments HI3833 Phosphate 

Test Kit, Hanna, Italy) and total hardness (Aquaspex microtest® TH 10, Aquaspex, 
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Australia). When property owners indicated that they chlorinated their water storage tanks 

or bores, the chlorine level was determined (Palintest® DPD No. 1). 

 

A subset of samples was also sent to the NATA accredited, Northern Territory 

Government Water Lab for parallel testing to ensure the integrity of field test results. 

 

3.6 Laboratory Testing of Bore Water Samples 
Water samples were cultured in the laboratory to determine the total coliform count (3M™ 

Petrifilm™ Coliform Count Plate, 3M, USA).  

 

3.7 Molecular Detection of B. pseudomallei in Bore Water Using Real-

Time PCR 
The molecular detection of B. pseudomallei in bore water was trialed using a modified 

version of the soil DNA extraction and real time PCR protocol developed by Kaestli et al. 

(18) which is found in Appendix 4. Numerous modified versions of this protocol were 

trialed and results compared. 500 mL of water spiked with approximately 5CFU/mL of B. 

pseudomallei was filtered through 0.22µm nitrocellulose filter paper (Millipore, USA) 

using a suction pumped filtering apparatus. 

 

Different elution buffers were trialed (PBS, Tris-EDTA) including changing the volume of 

buffer used and using buffers with different concentrations of added detergent (PBS + 

0.05% Tween, PBS + 0.1% Tween, PBS + 0.1% Triton, PBS + 0.05% Triton, PBS + 

0.01% Triton, Tris-EDTA + 0.05% Tween). Adjusting the protocol of Kaestli et al. (18) to 

remove the bacteria from the filters by varying the duration, strength and temperature of 

agitation was trialed. After the elution phase of Kaestli et al.’s protocol, the filters were 

removed and each sample was spun for 45 mins at 4,500 rpm. The pellet was then 
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collected and processed as per Mobio Laboratories’ PowerSoil™ DNA Isolation Kit, 

Experienced User Protocol (Mobio Laboratories, California, USA). However at each 

spinning step, samples were spun at 9,000 g as opposed to the 10,000 g prescribed in the 

Mobio user protocol. 

 

A method for eluting bacteria from the filter using sonication and a proteinase K treatment 

was also conducted and based on a combination of Kaestli et al.’s soil DNA extraction 

method (18), Qvarnstrom et al.’s method for extraction of amoebic DNA (96) and a 

multiplex real-time PCR assay for the quantitative detection of Naegleria fowleri by 

Behets et al. (116). This method of DNA extraction was trialed using 11 bore water 

samples from the study, previously found to be culture positive. A, B and C samples were 

pooled and trialed in duplicate. Briefly, approximately 400 mL of bore water sample was 

filtered aseptically through 0.22µm nitrocellulose filter paper (Millipore, USA) using a 

suction pumped filtering apparatus. The filter was then removed aseptically, cut into small 

pieces using sterile surgical scissors and placed in 10 mL of PBS + 0.1% tween. This was 

then sonicated for 15 mins at 42kHz±6 (Unisonics, Australia). The filter paper pieces were 

then removed aseptically and the specimen spun for 5 mins at 14,000 g. The pellet was 

collected and processed as per per Mobio Laboratories’ PowerSoil™ DNA Isolation Kit, 

Experienced User Protocol (Mobio Laboratories, California, USA). Again, at each 

spinning step, samples were spun at 9,000 g as opposed to the 10,000 g prescribed in the 

Mobio user protocol. Also, after step 7 of the PowerSoil™ protocol, Proteinase K was 

added to the supernatant to a final concentration of 1mg/mL and the sample incubated over 

night at 55ºC. The next day, the PowerSoil™ protocol was resumed at step 8 and 

continued to its conclusion. DNA was collected and processed and a 115-bp stretch in orf2 
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of the TTS1 gene was targeted with real-time PCR (18). In each PCR run, a dilution series 

of TTS1 containing plasmids were used as standard curve. 

 

3.8 Molecular Detection of Ancanthamoeba spp. in Bore Water Using 

Real-Time PCR 
Attempts to detect Acanthamoeba spp., using a DNA extraction method and real-time PCR 

based on those developed by Qvarnstrom et al. (96) were made. Detection was attempted 

using 11 bore water samples from the study, previously found to be culture positive for B. 

pseudomallei. A, B and C samples from these bores were pooled together and trialed in 

duplicate.  

 

3.9 Culture of Bore Water Samples for B. pseudomallei 
Approximately 400 mL of bore water sample was filtered aseptically through 0.22µm 

nitrocellulose filter paper (Millipore, USA) using a suction pumped filtering apparatus. 

The filter was then removed aseptically and cultured in 20 mL of Ashdown’s Broth (103). 

A second 400 mL was similarly filtered with the filter cultured in 20 mL of Tryptone Soy 

Broth. Both broths were subcultured onto Ashdown’s agar after 2 and 7 days incubation at 

37ºC and observed for the growth of B. pseudomallei.  

 

3.10 PCR Confirmation of B. pseudomallei Isolates 
All suspected B. pseudomallei colonies identified morphologically after culture on 

Ashdown’s agar were confirmed through PCR targeting the TTS1 gene (76). DNA was 

detected using agarose gel electrophoresis. 
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3.11 Variable Tandem Number Repeat (VNTR) Analysis of B. 

pseudomallei Isolates 
Variable tandem number repeat (VNTR) typing (91) was used to determine the relatedness 

and diversity of the B. pseudomallei isolates obtained in the study and their relatedness to 

isolates already previously identified in the Northern Territory. Results of this analysis are 

not presented in this thesis as this was not part of this project. 

 

3.12 Multilocus Sequence Typing (MLST) Analysis  
B. pseudomallei isolates confirmed by PCR were sent to a reference laboratory for MLST 

analysis. Results of this analysis are not presented in this thesis as this was not part of this 

project. 

 

3.13 Analysis of Bore Locations With Respect to Burkholderia 

pseudomallei Prediction Map 
The latitudinal and longitudinal coordinates of each bore site was recorded using Global 

Positioning System (GPS) (ETrex®, Garmin, USA). The location of sites was 

superimposed upon a B. pseudomallei prediction map developed by Kaestli et al. (104, 

manuscript in preparation) which predicts the presence of B. pseudomallei in soil. 

Adherence of bores positive for B. pseudomallei to the soil prediction map was not 

included in this study. 

 

3.14 Sample Size 
Forty-seven sites were chosen in the Darwin rural area for sampling. Four samples were 

collected from each site after running the bore for different time intervals; (a) after 1 

minute, (b) after 30 mins, (c) after 1 hour. A further sample (d or e) was taken from a 

storage tank if present. These 47 sites were sampled in the ‘dry season’ prior to annual 
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monsoonal rain. After culture, 13 sites grew B. pseudomallei-like colonies. Subsequently, 

12 of these sites tested PCR positive for B. pseudomallei. These 13 sites were re-sampled 

in the ‘wet season’ as well as 13 sites that were culture negative after initial sampling in 

the dry season.  

 

3.15 Statistical Methods  

Statistical analyses were performed using Microsoft Excel 2007 (Microsoft Corporation, 

Washington, USA) and Stata/IC 10.0 (College Station, Texas, USA). 

 

For binary data, Fisher’s Exact test was performed to determine p-values. For continuous 

and non-continuous data distributed normally, a ‘t-test’ was performed. For continuous and 

non-continuous data not distributed normally, a Mann-Whitney (‘ranksum’) test was 

performed. 

 

Missing values remained as blank fields in data input tables. Outliers were included in the 

nonparametric analysis and due to the small sample size, analysis was limited to bivariate 

analysis. 
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4 RESULTS 
 

4.1 REAL-TIME POLYMERASE CHAIN REACTION RESULTS 
 

4.1.1 Molecular Detection of B. pseudomallei in Bore Water Using Real-time PCR 

Initially, it was anticipated that the detection of B. pseudomallei in bore water would be 

achieved by using a modified version of the soil DNA extraction and real time PCR 

protocol developed by Kaestli et al. (17,18) found in the appendix. Problems were 

encountered eluting B. pseudomallei from the filter. Different elution buffers were trialled 

(PBS, Tris-EDTA) including changing the volume of buffer used and using buffers with 

different concentrations of added detergent (PBS + 0.05% Tween, PBS + 0.1% Tween, 

PBS + 0.1% Triton, PBS + 0.05% Triton, PBS + 0.01% Triton, Tris-EDTA + 0.05% 

Tween). Adjusting Kaestli et al.’s (18) protocol to remove the bacteria from the filters by 

varying the duration, strength and temperature of agitation was trialed. 

 

A method for eluting bacteria from the filter using sonication and a proteinase K treatment 

was also conducted and was based on a combination of Kaestli et al.’s soil DNA extraction 

method (18), Qvarnstrom et al.’s method for extraction of amoebic DNA (96) and a 

multiplex real-time PCR assay for the quantitative detection of Naegleria fowleri by 

Behets et al. (116). This method of DNA extraction was tested on 11 bore water samples. 

Each culture positive bore sample that was processed using this sonication method, tested 

positive by PCR for B. pseudomallei although Ct values were all above 30. A summary of 

the results of this trial are found in Table 4.1 below.  
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Table 4.1 Results of Real-Time PCR of Culture Positive Bores Using Sonication 
Technique to Elute B. Pseudomallei DNA from Filter 

Bore Number Ct Value Successful detection of approx. 5 CFU/mL? 

49 41.5 Yes 

52 34.8 Yes 

53 35.7 Yes 

54 36.8 Yes 

55 41.8 Yes 

56 34.9 Yes 

57 42.2 Yes 

58 36.4 Yes 

59 35.1 Yes 

61 35.0 Yes 

63 36.5 Yes 

 

4.1.2 Molecular Detection of Acanthamoeba Spp. in Bore Water Using Real-time 

PCR 
Attempts to detect Acanthamoeba spp., using a DNA extraction method and real-time PCR 

based on those developed by Qvarnstrom et al. (96) were made. 11 bore water samples 

from the study, previously found to be culture positive for B. pseudomallei were screened 

for Acanthamoeba spp. A, B and C samples from these bores were pooled and the pooled 

samples were run in duplicates. Acanthamoeba spp. DNA was detected in 4 of the bore 

samples that were culture positive for B. pseudomallei. The lowest Ct value observed for a 

sample where Acanthamoeba spp. DNA was detected was Ct = 34.8. It should be noted 

that we had no access to Acanthamoeba spp DNA to be used as positive controls. 
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4.2 Bore Sampling Results 
 

4.2.1 General Overview 

In the dry season, 47 bores were sampled which equated to 188 samples. After initial 

culturing of these samples, 12 of the bores were culture positive for B. pseudomallei. At 8 

of the bore sites, B. pseudomallei was cultured from the bore only, at 1 site from the tank 

only and from both bore and tank at 4 sites.  

 

For wet season sampling, each of these 12 bores were re-sampled along with 14 other 

bores that were found to be B. pseudomallei negative in the dry season and were matched 

for aquifer type and bore type. Therefore, wet season sampling consisted of 26 bores and 

103 samples. In the wet season, 15 bore sites were positive for B. pseudomallei. Of the 12 

sites positive in the dry season, 11 were again positive in the wet season, while 4 that were 

negative in the dry season became positive in the wet season. Of the 15 bore sites positive 

in the wet season, 8 were positive from the bore sample only, none was positive in the tank 

sample only and 7 were positive in samples from both, the bore and tank. 

 

In total there were 73 bore visits over both seasons after bores were revisited and 27 in 

total were found to be culture positive for B. pseudomallei. The information presented 

above is exhibited in Table 4.2 below. 

 

Table 4.2 Summary of B. pseudomallei Incidence in Bores 

 Bore Sites Visits B. pseudomallei 
Positive Bore Sites 

Samples Taken B. pseudomallei 
Positive Samples  

Dry Season 47 12 (26%) 188 27 (14%) 

Wet Season 26 15 (58%) 103 30 (29%) 

Total 73 (after revisiting) 27 (37%) 291 57 (20%) 
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4.3 Results – Bore Characteristics 

 

4.3.1 Aquifer Type 

Bores were selected with the aim of gaining an equal representation of bores sunk into 

both, fractured carbonate rock and fractured and weathered rock aquifers. Table 4.3 

exhibits the relatively equal representation of both aquifers in the study. Note that results 

are only from testing performed in the dry season. 

 

Table 4.3 Summary of Aquifer Types of Bores Included in Study 

Aquifer Type Frequency Percentage % 

Fractured carbonate rock 25 53.2 

Fractured and weathered rock 22 46.8 

Total 47 100 

 

We did not detect a difference between the occurrence of B. pseudomallei from fractured 

and carbonate rock aquifer (24% positive) and fractured and weathered rock aquifer (27% 

positive) (Fisher’s exact, P = 1.000). 

 

There was a lack of association between occurrence of B. pseudomallei and aquifer type in 

the dry season with 14.9% positive samples collected from fractured and carbonate rock 

aquifer  and 13.8% positive samples from fractured and weathered rock aquifer  (Fisher’s 

exact, P=1.000) and neither in the wet season with 25% positive samples from fractured 

and carbonate rock aquifer and 32.7% from fractured and weathered rock aquifer  (Fisher’s 

exact, P=0.515). 
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4.3.2 Age of Bore 

The age of bores was recorded and examined as a possible factor contributing to the 

presence or absence of B. pseudomallei in bore water. The age of the bores sampled (those 

of known age) is exhibited in Figure 4.1 below. 

 

Figure 4.1 Histogram of Age of Bores Included in Study 
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The mean age of bores (n = 43) was 16.1 years (95% CI 13.5-18.7). From dry season 

sampling, there was no association detected between bore age and the occurrence of B. 

pseudomallei among the 12 B. pseudomallei positive bores ( =17.4 years, 95% CI 11.6-

23.2) and the 31 negative bores (  = 15.5 years, 95% CI 12.4-18.6) (t-test of unequal 

variances, P = 0.97). Across all samples (n=275), the mean age of bores sampled was 16.6 

years (95% CI 15.6-17.6). Similarly, there was no association detected across all samples 

between those positive for B. pseudomallei (  = 17.2 years, 95% CI 15.0-19.3, n=57) or B. 

pseudomallei negative samples (  = 16.5 years, 95% CI 15.3-17.6, n=218) (t-test of 

unequal variances P = 0.54). 
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4.3.3 Bore vs Tank 

Whether a sample was collected from the bore or storage tank was recorded and examined 

as a possible factor contributing to the presence or absence of B. pseudomallei in bore 

water. Of the 291 samples collected, 219 were collected from the bore head and 72 from 

tanks. Of the 219 samples collected from the bore head, 45 (20.6%) were culture positive 

for B. pseudomallei, while 12 of the 72 (16.7%) samples collected from tanks were 

positive. A Fisher’s exact test result of P=0.608 indicates no discernable difference in the 

culture rates of samples from bores as opposed to tanks. This lack of association does not 

appear to change when samples were collected in the dry season from the bore (15.6% 

positive) or tank (10.6% positive), (Fisher’s exact, P=0.479) or in the wet season from the 

bore (29.5% positive) or tank (28% positive), (Fisher’s exact, P=1.000). It should be noted 

that of the 15 bore sites that tested positive for B. pseudomallei, 8 (53%) were found to be 

positive in both, the tank and the bore. 

 

4.3.4 Sample Type (1 min, 30 mins, 1 hr, or tank) 

Samples were collected from the bore after 1 min, 30 mins and 1 hr to represent samples 

originating from the bore head, bore shaft and aquifer respectively. The occurrence of B. 

pseudomallei in specimens collected after 1 min was 23.3 %, 19.2 % for samples collected 

after 30 mins, 19.2 % for samples collected after 1 hr and 16.7 % for samples collected 

from tanks. These similar occurrence rates are exhibited in Figure 4.2.  
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Figure 4.2 Culture Rates of B. pseudomallei from Different Parts of the Bore 

 

There is no statistically significant association between B. pseudomallei occurrence and 

origin of bore water sample in terms of bore head, bore shaft, aquifer or tank (Fisher’s 

exact, P = 0.806). In the dry season, this lack of association did not alter with 17.0 % 

positive samples from the bore head , 14.9 % positives from the bore shaft, 14.9 % 

positives from the aquifer  and 10.6 % from the tankc (Fisher’s exact, P=0.883). There is a 

similar lack of association between bore head (34.6% positive), bore shaft (26.9% 

positive), aquifer (26.9% positive) and tank (28.0% positive) in the wet season (Fisher’s 

exact, P=0.938). 

 

4.3.5 Season Sampled 

Whether a sample was collected in the dry season or wet season was recorded and 

examined as a possible factor contributing to the presence or absence of B. pseudomallei in 

bore water. 188 samples were collected in the dry season and 103 samples in the wet. Of 
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the 188 samples collected in the dry season, 27 (14.4%) were culture positive for B. 

pseudomallei while in the wet season, 30 of 103 samples (29.1%) were positive.  

 

It should be noted however, that 12 of the 26 bores sampled in the wet season were known 

B. pseudomallei positive sites from dry season testing. 

 

Table 4.4 below summarizes statistics of the occurrence of B.pseudomallei in bores with 

respect to changing bore parameters between seasons. Note that nitrate levels are not 

reported in the table as most were below test detection levels of 10 mg/L.  

 

Table 4.4 Summary of Water Parameters by Season Sampled 

 Dry Season Wet Season Multivariable 
Analysis 

Variable Median (95% 
CI) 

Mann- 
Whitney 

Median (95% 
CI) 

Mann- 
Whitney 

OR (95% CI) 
P value 

** Total Iron 

(mg/L) 

B.ps positive 

B.ps negative 

 

 

2 (1-3) 

1 (1-1) 

 

 

P<0.001 

 

 

4 (2-5) 

1 (1-1) 

 

 

P=0.002 

 

 

1.34 (1.12-2.62) 

P=0.002 

** pH 

B.ps positive 

B.ps negative 

 

6.8 (6.5-7.1) 

7.3 (7.2-7.4) 

 

P<0.001 

 

6.3 (6.1-6.6) 

7.4 (7.3-7.6) 

 

P<0.001 

 

Interaction of  

pH and Salinity 

 

<0.01 (<0.01-0.36) 

P=0.027 

* 

Salinity(mS/cm) 

B.ps positive 

B.ps negative 

 

0.07 (0.02-0.25) 

0.25 (0.17-0.27) 

 

P=0.037 

 

0.02 (0.01-0.05) 

0.25 (0.09-0.28) 

 

P<0.001 

* Hardness 

(mg/L) 

B.ps positive 

B.ps negative 

 

 

100 (40-170) 

180 (150-200) 

 

 

P=0.066 

 

 

25 (10-80) 

170 (80-180) 

 

 

P<0.001 
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 Dry Season Wet Season Multivariable 
Analysis 

Variable Median (95% 
CI) 

Mann- 
Whitney 

Median (95% 
CI) 

Mann- 
Whitney 

OR (95% CI) 
P value 

Phosphate 

(mg/L) 

B.ps positive 

B.ps negative 

 

 

2 (1-3) 

3 (2-3) 

 

 

P=0.114 

 

 

6 (4-6) 

3 (3-6) 

 

 

P=0.069 

 

 

** Turbidity 

(NTU) 

B.ps positive 

B.ps negative 

 

 

14.0 (6.0-22.0) 

3.1 (2.6-4.0) 

 

 

P<0.001 

 

 

15.0 (10.0-26.0) 

6.4 (5.0-8.0) 

 

 

P=0.001 

 

 

* Coliforms 

(CFU/mL) 

B.ps positive 

B.ps negative 

 

 

100 (20-220) 

12 (5-25) 

 

 

P=0.033 

 

 

120 (21-220) 

9 (2-24) 

 

 

P=0.004 

 

 

Effective Bore 

Capping 

Yes (38 bores) 

No (9 bores) 

 B.ps positive 

 

21 % 

44 % 

Fisher’s 

Exact 

P=0.205 

B.ps positive 

 

29 % 

44 % 

Fisher’s 

Exact 

P=0.438 

 

 

0.38 (0.14-1.06) 

P=0.067 

 

4.3.6 Depth 

The depth of each bore sampled was investigated as a possible factor associated with the 

presence or absence of B. pseudomallei in bore water samples. Based on dry season 

sampling, the mean depth of bores (where depth was known) was determined to be 56.4 m 

(n=41, 95% CI 49.6-63.2) The mean depth of B. pseudomallei positive bores was 51.9 m 

(95% CI 44.6-59.2) and for B. pseudomallei negative bores 58.2 m (95% CI 48.6-67.8). A 

t-test of unequal variances was performed and no significant association was observed 

between bore depth and the incidence of B. pseudomallei across the bores in the dry season 

(P = 0.2819).  
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4.3.7 Elevated 

The construction of bores on sites elevated from surrounding ground was investigated as a 

possible contributing factor to the presence or absence of B. pseudomallei in bore water. 

Based on sampling, 21 bores were elevated (of which 19% were B. pseudomallei positive) 

and 26 unelevated (31% B. pseudomallei positive). Although a higher percentage of un-

elevated bores were positive for B. pseudomallei, this was not significant (Fisher’s exact 

test, P = 0.505). 

 

At sample level, 132 samples were collected from elevated bores (16.7% B. pseudomallei 

positive), and 159 from un-elevated bores (22.0% positive). A Fisher’s exact test result of 

P = 0.300 indicates no significant difference in B. pseudomallei culture rates of samples 

from elevated bores as opposed to bores that are not elevated from surrounding ground.  

4.3.8 Flooded 

Of the 47 bores examined in the study, only 1 bore was determined to be prone to flooding 

in the wet season. As a result of this lack of variation, the flooding of bores was not 

examined as a variable for the occurrence of B. pseudomallei in bores. 

 

4.3.9 Concrete Casing 

Bores were investigated to determine whether the presence or absence of concrete casing 

in the bore construction were contributing factors to the presence of B. pseudomallei in 

bore water. Based on dry season sampling, 33 of the bores had concrete casing of which 12 

(36%) were B. pseudomallei positive and 14 of the bores lacked concrete casing of which 

4 (29%) were B. pseudomallei positive. No statistically significant association between the 

presence of concrete casing and the occurrence of B. pseudomallei was evident (Fisher’s 

Exact, P=1.000). Additionally no association was detected at the sample level, over both 
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the dry and wet season. 202 of the 291 samples tested were from bores with concrete 

casing (21.8% B. pseudomallei positive) and 89 were from bores without concrete casing 

(14.6% positive) (Fisher’s Exact test P = 0.199).  

 

4.3.10 Bore Capping 

Bores were investigated to determine whether the presence or absence of an effective cap 

which seals the bore form the external environment, contributed to the presence or absence 

of B. pseudomallei in bore water. Based sampling, 38 bores were capped effectively and 9 

bores were not capped effectively. A higher proportion of bores without effective capping 

were found to be positive for B. pseudomallei (44.4%) compared to those which were 

effectively capped of which 21.1% were positive for B. pseudomallei. However, this did 

not correlate to a statistically significant association. (Fisher’s exact test, P = 0.205). 

 

At the sample level over both dry and wet seasons, 230 samples were collected from bores 

which were capped effectively (17.8% positive) while the remaining 61 samples were 

collected from bores that were not capped effectively (26.2% positive). A Fisher’s exact 

test result of P=0.149 indicates no significant difference in the occurrence of B. 

pseudomallei in samples from bores that are effectively capped and those that are not. In 

the dry season, 44% of uncapped bores were positive for B. pseudomallei (4 out of 9 

uncapped bores) while only 32% (12 out of 38) of capped bores tested positive. This 

shows a weak association between B. pseudomallei and the absence of effective capping 

(Fisher’s exact, P=0.067). 

 

4.3.11 Organic Matter Nearby 

The presence of organic matter such as vegetation and leaf litter near bores was 

investigated as a potential contributing factor to the presence or absence of B. 
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pseudomallei in bore water. Based on dry season sampling, 29 of the bores had organic 

matter nearby (20.7% B. pseudomallei positive) while the 18 remaining bores were void of 

organic matter (33.3% B. pseudomallei positive). A Fisher’s exact test result of P=0.493 

reveals no stastically significant association between organic matter near the bore and the 

occurrence of B. pseudomallei at this level. 

 

At sample level over both seasons, 181 of 291 samples were from bores where organic 

matter was nearby (17.1% positive) while 110 were from bores where organic matter was 

absent (23.6% positive). A Fisher’s exact test result of P=0.223 indicates no statistically 

significant difference in the culture rates of samples from bores surrounded by organic 

matter and those that are not. This lack of association was consistent between the dry 

season (Fisher’s exact, P=0.133) and wet season (Fisher’s exact, P=0.825). 

 

4.3.12 Likelihood of pooling 

The presence or absence of pooled water around the bore after rain or bore operation was 

investigated as a possible contributing factor to the occurrence of B. pseudomallei in bore 

water. Based on dry season sampling, 17 of the bores were in locations where pooling was 

likely (23.5% B. pseudomallei positive) while 29 of the bores were in locations where 

pooling was unlikely (27.6% B. pseudomallei positive). A Fisher’s exact result of P=1.000 

reveals no significant association between pooling of water and B. pseudomallei 

occurrence at the bore level. 

 

At sample level over both seasons, 105 of the 291 samples collected were from bore sites 

where pooling was likely to occur (20% positive) while 186 samples were collected from 

bores where pooling was not likely to occur (19.8% positive). A Fisher’s exact test result 

of P=1.000 indicates no significant difference in the culture rates of samples from bores 
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where pooling of water occurs. This lack of association was not decreased in samples 

collected in the dry season (Fisher’s exact, P=1.000) or wet season (Fisher’s exact, 

P=0.824). 

 

4.3.13 Concrete Slab 

The presence or absence of a concrete slab on top of the bore shaft was investigated as a 

possible contributing factor to the occurrence of B. pseudomallei in bore water. Based on 

dry season sampling, 33 bores were covered with a concrete slab (24.2% B. pseudomallei 

positive) while 14 bores lacked a concrete slab (28.6% B. pseudomallei positive). A 

Fisher’s exact result of P=0.731 reveals no significant statistical association between the 

presence of a concrete slab and the occurrence of B. pseudomallei. 

At sample level and over both seasons, 206 samples were collected from bores which 

possessed a concrete slab (18.4% positive for B. pseudomallei) and 85 samples collected 

from bore sites which lacked a slab (22.4% positive). A Fisher’s exact test result of 

P=0.516 indicates no significant difference in the culture rates of samples from bores that 

have concrete slabs when compared to those that don’t have concrete slabs. This lack of 

association prevails for samples collected in the dry season (Fisher’s exact, P=0.498) and 

the wet season (Fisher’s exact, P=0.808). 

 

4.3.14 Pumped to Irrigation 

Upon surveying the bore owners, it was recorded that all bores were used for irrigation 

purposes. Therefore, the use of the bore was not investigated further as a variable 

contributing to the presence or absence of B. pseudomallei. 
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4.3.15 Use in Wet and/or Dry Season 

Upon surveying the bore owners, it was recorded that bores sampled were universally in 

operation all year round. Therefore, season operation of the bore was not investigated 

further as a variable contributing to the presence or absence of B. pseudomallei. 

 

4.3.16 Pumped to Tank 

Upon surveying the bore owners, it was recorded that water from only 1 of the 47 bores 

sampled was not pumped to a storage tank. It was therefore decided that pumping the bore 

water to a storage tank would not be investigated any further as a variable contributing to 

the presence or absence of B. pseudomallei. 

 

4.3.17 Changes to Bore 

Upon interviewing the owners, it was observed that 4 of the 47 bores sampled had changes 

made to the bore since initial drilling. It was therefore decided changes made to the bore 

would not be investigated any further as a variable contributing to the presence or absence 

of B. pseudomallei. 

 

4.3.18 Maintenance 

Upon surveying the bore owners, it was recorded that generally, regular maintenance is not 

performed on bores in the Darwin rural area. The only maintenance undertaken is the 

replacement of bore pumps due to lightning strikes. Subsequently, maintenance or lack 

thereof was not investigated further as a variable contributing to the presence or absence of 

B. pseudomallei in bore water. 

 

4.3.19 Tank Chlorination 

Upon surveying the bore owners, none were found to chlorinate either their bores or 

storage tanks. One owner however, did describe chlorinating a tank after recent 
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installment. Chlorination was not investigated further as a variable contributing to the 

presence or absence of B. pseudomallei. 

 

4.4 Results – Physicochemical Characteristics 
 
4.4.1 Iron 

Across all samples, 63.6% of all bore water samples recorded an iron level of <1mg/L 

(n=291, bootstrap estimate 95% CI 1.0-1.0) The next most frequently occurring iron level 

was 2-3mg/L with 9.3% of the 291 samples. The frequency of the iron measurements 

obtained is depicted below in Figure 4.3. 

 

Figure 4.3 Pie Chart of Iron Levels Across All Samples 

<1mg/L 1-2mg/L

2-3mg/L 3-4mg/L

4-5mg/L >5mg/L

Iron Levels

Iron Across All Samples

 

A significant association was found between increasing iron levels and the occurrence of 

B. pseudomallei in bore water samples as exhibited in Figure 4.4.  
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Figure 4.4 Box Plot of Iron Levels in B. pseudomallei Negative and Positive Bore Water Samples 
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For B. pseudomallei positive samples, the median iron level was 2-3mg/L (n=291, 

bootstrap estimate 95% CI 2.0-4.0) as compared to B. pseudomallei negative samples with 

<1mg/L (n=291, bootstrap estimate 95% CI 1.0-1.0). Further analysis confirms a strong 

association between increased iron levels and the occurrence of B. pseudomallei in bore 

water samples (Mann-Whitney, P=<0.001).  

 

 

 

4.4.2 Phosphate 

Across all samples and both seasons, phosphate is not distributed normally, with a median 

of 2-3mg/L (n=291, bootstrap estimate 95% CI 2.6-3.4) as illustrated in Figure 4.5 below. 
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Figure 4.5 Phosphate Levels Across All Bore Water Samples 
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Phosphate levels in bore water samples were recorded and investigated as a possible 

contributing factor to the occurrence of B. pseudomallei in bore water. Slightly higher 

phosphate levels were detected in B. pseudomallei positive samples (Median = 3-4mg/L, 

n=291, bootstrap estimate 95% CI 2.6-5.4) as compared to negative samples (Median = 2-

3mg/L, n=291, bootstrap estimate 95% CI 2.6-3.4) but this was not significant (Mann-

Whitney, P=0.4606). There was weak evidence for higher phosphate levels in the wet 

season with as the median phosphate level in wet season samples was 3-4 mg/L as opposed 

to 2-3 mg/L in the dry season however this was not significant (Mann-Whitney, 

P=0.0686).  

 

4.4.3 Nitrate 

Of the total of 291 nitrate readings, 287 were <10mg/L and the remaining 4 were 10-

20mg/L. As a result of the lack of variance in the data, it was decided not to further 
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investigate any association between nitrate levels and B. pseudomallei occurrence in bore 

water. 

  

4.4.4 Turbidity 

Turbidity was not distributed normally and had a median of 5.1 NTU (n=291, bootstrap 

estimate 95% CI 4.1-6.1), a minimum of 0.28 NTU and a maximum of 1,000 NTU. There 

was a significant association between specimen turbidity and the occurrence of B. 

pseudomallei in bore water (Mann-Whitney, P<0.001) with B. pseudomallei positive 

samples having a median turbidity of 3NTU (n=57, bootstrap estimate 95% CI 1.9-4.1) 

and B. pseudomallei negative samples having a median turbidity of 1NTU (n=234, 

bootstrap estimate 95% CI 1.0-1.0). This significant association was evident for the dry 

season (Mann-Whitney, P<0.001) and wet season (Mann-Whitney, P=0.0012). Figure 4.6 

exhibits the difference in turbidity readings between B. pseudomallei positive and negative 

samples. 
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Figure 4.6 Box Plot of Turbidity in B. pseudomallei Positive and Negative Samples 

 

 

4.4.5 Salinity/Conductivity 

Across all samples and over both seasons, salinity is not distributed normally with a 

median of 0.17 mS/cm (n=291, bootstrap estimate 95% CI 0.10-0.25), a minimum of 0.0 

mS/cm and a maximum of 0.65 mS/cm. An clear association was evident between lower 

salinity/conductivity level and the occurrence of B. pseudomallei in bore water (see Figure 

4.7 below). 
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Figure 4.7 Box Plot of Salinity/Conductivity in Samples Positive and Negative for B. pseudomallei 

 

B. pseudomallei positive samples had a median of 0.04 mS (n=291, bootstrap estimate 

95% CI 0.00-0.08) while B. pseudomallei negative samples had a median of 0.25 mS 

(n=291, bootstrap estimate 95% CI 0.21-0.29) Further analysis revealed a significant 

association between lower salinity levels and the occurrence of B. pseudomallei in bore 

water (Mann-Whitney, P=<0.001). This association was evident in the dry season (Mann-

Whitney, P=0.0366) and wet season (Mann-Whitney, P=<0.001). 

 

4.4.6 Bacterial/Coliform Count 

For all samples, the median bacterial/coliform count was 19 CFU/ mL (n=291, bootstrap 

estimate 95% CI 9-29) with a minimum of 0 CFU/ mL and a maximum of 1,000 CFU/ mL 

(see Figure 4.8 below).  
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Figure 4.8 Histogram of Bacterial/Coliform Count Across All Samples 
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Figure 4.9 below, shows a clear difference in bacterial/coliform counts between samples 

positive and negative for B. pseudomallei. 
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Figure 4.9 Box Plot of Bacterial/Coliform Count for B. pseudomallei Positive and Negative Bore Water 
Samples 
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The median bacterial/coliform count of B. pseudomallei negative samples was 11 CFU/ 

mL (n=234, bootstrap estimate 95% CI 3-19) while the median bacterial/coliform count 

for B. pseudomallei positive samples was 100 CFU/ mL (n=57, bootstrap estimate 95% CI 

18-182). Further analysis indicated a significant association between bacterial/coliform 

count and the occurrence of B. pseudomallei (Mann-Whitney, P=<0.001). This association 

was significant in the dry season (Mann-Whitney, P=0.0326) as well as for samples 

collected in the wet season (Mann-Whitney, P=0.0037). 

 

4.4.7 pH 

pH was observed to be normally distributed across all samples with a mean of 7.07 (95% 

CI 6.98-7.16). The pH of B. pseudomallei negative samples was found to have a mean of 

7.2 (95% CI 7.1-7.3) while B. pseudomallei positive samples had a lower mean pH of 6.5 

(95% CI 6.3-6.7) (see Figure 4.10.) 
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Figure 4.10 Box Plot of pH in B. pseudomallei Negative and Positive Samples 
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A two-sample t-test was performed and P =<0.001 suggests a strong association between a 

lower pH and the occurrence of B. pseudomallei. This association was found in the dry 

season (t-test, P=<0.001) and in the wet season (t-test, P=<0.001). 

 

4.4.8 Temperature 

Temperature was observed to be normally distributed across all samples with a mean of 

30.3ºC (95% CI 30.1-30.5). The mean temperature of all samples collected in the dry 

season was 30.6ºC (95% CI 30.3-30.9) and in the wet season 29.7ºC (95% CI 29.4-30.0). 

The mean temperature of B. pseudomallei negative samples was found to be 30.26ºC (95% 

CI 30.1-30.6) while B. pseudomallei positive samples had a lower mean temperature of 

30.3oºC (95% CI 29.9-30.6). This is exhibited in Figure 4.11 below. 
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Figure 4.11 Box Plot of Temperature for B. pseudomallei Negative and Positive Samples 
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No significant statistical association between water temperature and the occurrence of B. 

pseudomallei was observed (t-test, P =0.8715).  No significant association was observed 

between temperature and the occurrence of B. pseudomallei in the dry season (t-test, 

P=0.7522) nor in the wet season (t-test, P=0.6269). 

 

4.4.9 Hardness 

Hardness (calcium carbonate concentration) was not distributed normally and had a 

median across all samples of 150 mg/L (n=291, bootstrap estimate 95% CI 120-180). The 

median hardness for samples culture positive for B. pseudomallei was 50 mg/L (n=57, 

bootstrap estimate 95% CI 17-85) while a considerably higher median of 170 mg/L 

(n=234, bootstrap estimate 95% CI 148-192) was observed for B. pseudomallei negative 

samples. The median hardness recorded in the dry season was 170 mg/L and 90 mg/L in 
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the wet season. Figure 4.12 shows the hardness levels in B. pseudomallei positive and 

negative bore water samples.  

Figure 4.12 Histogram of Hardness (Calcium Carbonate) in B. pseudomallei Positive and Negative 
Samples 
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Analysis indicates a significant association between a lower hardness level and the 

occurrence of B. pseudomallei (Mann-Whitney, P<0.001). There is a significant 

association in the wet season (Mann-Whitney, P<0.001) however, in the dry season the 

association is less pronounced (Mann-Whitney, P=0.066). It should be noted again, that 12 

of the 26 bores sampled in the wet season were known B. pseudomallei positive sites from 

dry season testing. 
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5 DISCUSSION 
 

5.1 Molecular Detection of B. pseudomallei in Bore Water Using Real-

Time PCR 
The detection of B. pseudomallei DNA in bore water using the extraction and real time 

PCR protocol developed by Kaestli et al. (17,18) proved to be difficult. The various 

modifications to Kaestli et al’s method including altering buffer solution, buffer 

concentration, the mechanism of agitation of the filters, the type of filters used, the speed 

and time of centrifugation, and the period of agitation all resulted in the detection of B. 

pseudomallei DNA. However, all modifications to Kaestli et al’s protocol resulted in 

Ct>30. It was thought that the low sensitivity of this method may be due to the ineffective 

elution of B. pseudomallei DNA from the filter. To test this hypothesis, it was decided that 

rather than try to remove B. pseudomallei DNA from the filter which had been incubated 

at 37ºC for 48 hrs in Ashdown’s broth, the filter was instead removed and discarded, with 

the broths then centrifuged and the sediment from the broths processed with the Mobio 

Laboratories’ PowerSoil™ DNA Isolation Kit as per the procedure described in the 

methods section. Water spiked with approximately 5,000 CFU (5 CFU/mL) of B. 

pseudomallei and processed in this manner recorded an average real time PCR result of 

Ct=16.9. This confirms that inefficient elution of B. pseudomallei from the filter was an 

impediment to the successful and sensitive detection of B. pseudomallei in water using this 

method and further work needs to be undertaken to further increase its sensitivity. 

 

One final trial was conducted, whereby 11 culture positive bore water samples from the 

study were processed using sonication and a proteinase K treatment as outlined in the 

methods and materials section. Each sample processed tested positive by PCR for B. 

pseudomallei. This indicates that this method was successful in detecting B. pseudomallei 
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DNA. The relatively high Ct values indicate that this method was able to detect B. 

pseudomallei in bore water samples where it is presumed that B. pseudomallei is probably 

in low numbers, but more modifications need to be investigated in order to increase its 

sensitivity. 

 

Further studies need to be conducted to improve direct DNA extraction from bore water 

samples to detect B. pseudomallei. This study showed that B. pseudomallei DNA can be 

detected in bore water samples however further modifications need to be investigated to 

heighten the sensitivity of the method. This potentially will bring enormous public health 

benefits as melioidosis outbreaks and even individual cases could be rapidly attributed to a 

bore water source if a sensitive method is developed. The rapid turn-around times of a 

real-time PCR assay will decrease the waiting time for epidemiological investigations by a 

minimum of 2 days as they are currently reliant on a combination of culture and 

subsequent real-time PCR. 

 

5.2 Molecular Detection of Acanthamoeba Spp. in Bore Water Using 

Real-Time PCR 
Acanthamoeba spp. DNA was detected in 4 of the 11 bore samples processed that were 

culture positive for B. pseudomallei. The lowest Ct observed for a sample where 

Acanthamoeba spp. DNA was detected was Ct = 34.8. This may indicate that 

Acanthamoeba spp. was present in low numbers in the bore water samples however we 

had no access to Acanthamoeba spp DNA and thus, no positive controls were used during 

the trial, meaning quantification was not possible. Inglis et al. observed in the laboratory 

that B. pseudomallei is able to parasitise certain species of Acanthomoeba spp (49) and this 

study aimed to observe, rather than investigate the concurrence of Acanthamoeba spp. and 

B. pseudomallei in bore water. Given that B. pseudomallei survival could be facilitated in 
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harsh conditions, within Acanthamoeba spp., further investigation is warranted and must 

be conducted on a larger sample size and inclusive of both B. pseudomallei positive and B. 

pseudomallei negative bore water samples and also include Acanthamoeba spp. positive 

controls. If an association is observed in the environment, then the presence of 

Acanthamoeba spp. in bore water could be used as a potential bioindicator for B. 

pseudomallei and provide enormous public health benefits in monitoring not only bore 

water quality but general water quality in B. pseudomallei endemic areas. 

 

5.3 Bore Characteristics 
 
5.3.1 Aquifer Type 

No significant variation was observed between B. pseudomallei occurrence in bores sunk 

into both, fractured and carbonate rock aquifer and fractured and weathered rock aquifer.  

We hypothesized that an association between aquifer type and B. pseudomallei occurrence 

may exist and be attributed to an increased porosity existent in weathered rock aquifer (i.e 

sandstone). However, the lack of association uncovered in this study suggests that a more 

likely explanation of B. pseudomallei contamination in bore water is due to either a breach 

of the bore casing in the subterranean environment and/or a backflow of contaminated 

surface water into the bore. 

 

5.3.2 Age of Bore 

No statistically significant association was observed between increasing bore age and the 

incidence of B. pseudomallei in bore water. We hypothesized that over time, the natural 

aging process and subsequent breaches in the bore casing would lead to an increase in 

contamination of the aquifer from the subterranean environment. It was also believed that 

contaminated surface water would gradually descend through the earth into the aquifer and 
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contaminate the bore. However, the lack of association found in this study suggests that 

bores are not likely to become more vulnerable to contamination with B. pseudomallei 

over time provided they are constructed well. 

 

5.3.3 Bore vs Tank 

There was no statistically significant association detected between water collected from the 

bore or attached storage tank and the occurrence of B. pseudomallei in bore water. Indeed, 

pH, temperature, hardness, salinity/conductivity, phosphate, nitrate, turbidity and the 

bacterial count did not show any significant variation between samples taken from the bore 

and the tank.  This suggests that the aquifer, tank and other facilities linked by piping are 

not in fact independent of each other and can be considered a total entity. This also 

suggests that contamination of bore water with B. pseudomallei can occur at any point in 

the system. It should be noted that over half (53%) of the properties with bores positive for 

B. pseudomallei, were positive in both, the bore and the tank. 

 

5.3.4 Sample Type (1 min, 30 mins, 1 hr, or tank) 

Similarly, no significant statistical association was observed between the type of specimen 

collected (ie. Bore head, bore shaft, aquifer or tank) and the occurrence of B. pseudomallei. 

It should be noted that for many bores, a ‘slug’ of dark red-brown colour splashed out of 

the bore upon pump activation. Dark red-brown soil has previously been found to be 

associated with B. pseudomallei occurrence (17,57). However, a representative sample was 

never taken from this initial slug and further investigation of the occurrence of B. 

pseudomallei in this type of specimen is warranted. 

The lack of statistically significant variation in the occurrence of B. pseudomallei in 

samples from different parts of the bore system, suggests again that the bore head, bore 

shaft and aquifer can be considered as one continuous system. This also supports the 
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theory that contamination of bore water with B. pseudomallei can occur at any point in the 

system.  

 

5.3.5 Season Sampled 

It should be noted, that 12 of the 26 bores sampled in the wet season were known B. 

pseudomallei positive sites from dry season testing and were deliberately targeted for this 

reason. It was decided, due to time and financial constraints that wet season sampling 

would be restricted to include positive bores from the dry season and an equal number of 

bores that were negative in the dry season and stratified for location, aquifer type and age 

where possible. In order to investigate the variation in occurrence of B. pseudomallei 

between dry and wet seasons, studies need to incorporate the sampling of every bore in the 

dry season and wet season to achieve a true representation of the occurrence of B. 

pseudomallei across the 2 seasons. This study did not intend to analyse this as a research 

question. Table 4.4 shows that water parameters in B. pseudomallei positive bores were 

more favourable in the wet season and this can be attributed to the backflow of surface 

water into the bore. This backflow of contaminated surface water explains the increase in 

iron levels, microbes, and turbidity and also the decrease in pH, salinity and hardness due 

to an increase of water volume. This increase in the occurrence of B. pseudomallei in bore 

water is of interest given that previous studies show an increase in the occurrence of 

melioidosis after heavy rains (3,26,31).  

 

The Land and Water Biodiversity Committee’s guidelines for bore construction (117) 

outline a number of construction methods which minimise the potential contamination of 

bore systems and aquifers with surface water.  It is prudent that in regions that experience 

heavy monsoonal rain such as the Northern Territory, bores are constructed to these 
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specifications in order to not only prevent general contamination but particularly with B. 

pseudomallei. 

 

5.3.6 Depth 

No statistically significant association was observed between bore depth and the incidence 

of B. pseudomallei in bore water. Prior to the study, it was hypothesised that deeper bores 

may be less prone to contamination, with successive layers of soil between the surface and 

aquifer acting as a screening barrier to contaminated surface water or contaminated water 

in the shallow subsurface gradually seeping into the aquifer. However, results obtained did 

not support any such hypothesis. The fact that no association was found between aquifer 

types of different porosity also supports that bore depth is not a contributing factor to the 

presence or absence of B. pseudomallei in bore water. Contamination is most likely to 

occur as a result of flow back of contaminated surface water from the surface into the bore, 

or from the lateral penetration of soil or water from the shallow subsurface into a breached 

bore casing. It is again prudent that bore construction follow the recommendations of the 

Land and Water Biodiversity Committee’s guidelines for bore construction (117) in order 

to minimise the risk of contamination of bore water supplies and maintain a quality water 

supply. 

 

5.3.7 Elevated 

No statistically significant difference was observed between the occurrence of B. 

pseudomallei in bores elevated from the surrounding landscape and those that were not. 

Sinking a bore in a location that is elevated from the surrounding landscape prevents 

contaminated surface water and water from the shallow subsurface running into the bore 

and contaminating the aquifer. This practice of sinking a bore at a location raised above 

the surrounding landscape complements the requirements of the Land and Water 
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Biodiversity Committee’s guidelines for bore construction (117) which promotes various 

construction requirements that minimise the potential contamination of bore systems and 

aquifers with surface water.  

 

5.3.8 Flooded 

As a result of a lack of variation in surveyed results, the flooding of bores was not 

examined as a variable for the occurrence of B. pseudomallei in bores. Only 1 of the bores 

sampled was sunk in a location prone to flooding. This indicates that the majority of bores 

sampled were sunk in locations slightly raised from the surrounding land. This provides a 

preventative measure to prevent contaminated surface water and water from the shallow 

subsurface running into the bore and contaminating the aquifer. This practice complements 

the requirements of the Land and Water Biodiversity Committee’s guidelines for bore 

construction (117). 

 

5.3.9 Concrete Casing 

No statistically significant association was revealed between the presence or absence of 

concrete casing at the upper level of the bore and the occurrence of B. pseudomallei in 

bore water samples. The use of concrete casing around the top level of the bore is 

advocated by the Land and Water Biodiversity Committee’s guidelines for bore 

construction (117) and serves to prevent corrosion of the inner steel or PVC piping, lateral 

leakage from the bore, and contamination with surface or shallow sub-surface water. B. 

pseudomallei counts have been shown to increase in soil to a depth of 60-90cm below the 

surface (52,53). For this reason, it is important that concrete or gravel casing is included in 

bore construction in areas where B. pseudomallei is endemic in order to reduce the 

likelihood of lateral contamination. 
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5.3.10 Effective Bore Capping 

No statistically significant association was revealed between the presence or absence of an 

effective bore cap and the occurrence of B. pseudomallei in bore water samples. The Land 

and Water Biodiversity Committee’s guidelines for bore construction (117) advocates that 

the internal watertight casing of all bores should rise to a minimum of 30cm above the soil 

surface and that all bores should be capped in order to protect the bore water from 

contamination. For the purpose of this study, bores that were entirely sealed from the 

external environment were deemed to be capped effectively and bores that were capped in 

such a way that still enabled the researcher to look down the bore casing, were deemed to 

be not capped effectively. It should be noted that for some of the bores that were not 

capped effectively, organic matter (i.e. leaves, grass, seeds, pollen etc.) was free to fall into 

the open bore casing, and in one instance the body of a dead toad was wedged between the 

bore casing and an ineffective cap. These instances represent significant potential for 

contamination of the bore water. 

 

No statistically significant association was revealed between the presence or absence of an 

effective bore cap and the occurrence of B. pseudomallei in bore water samples, however 

given that the occurrence of B. pseudomallei in uncapped bores was over twice as high as 

in capped bores, a further study is warranted with a larger sample size.  

 

5.3.11 Organic Matter Nearby 

No statistically significant association was revealed between the presence or absence of 

organic matter such as vegetation and leaf litter and the occurrence of B. pseudomallei in 

bore water samples. The construction of bores using effective capping, concrete casing and 

the addition of a concrete slab on the top of the bore, as per the requirements of the Land 

and Water Biodiversity Committee’s guidelines for bore construction (117) reduces any 
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likelihood of organic matter on the surface contaminating the internal bore environment 

and bore water. If organic matter was to find its way into these bores, it would be expected 

to create favourable conditions for B. pseudomallei as a saprophytic organism and the 

decomposition of organic matter would contribute to acidification of the water which has 

already proven to be favourable to B. pseudomallei growth (17,28,48). 

 

5.3.12 Likelihood of Water Pooling 

No statistically significant association was found between the pooling of water and the 

occurrence of B. pseudomallei in bore water samples. It should be note that although 17 of 

the bores were in locations where pooling was likely, only 1 of 47 bores was in a location 

where flooding occurred. Pooling of water may occur at some bore locations however the 

construction of bores using effective capping, concrete casing and the addition of a 

concrete slab on top of the bore will minimise the potential contamination of bore systems 

with surface water. Indeed, the presence of concrete and or gravel packing below the 

surface around the bore provides a physical barrier to water seeping into the aquifer and 

effective bore construction in itself could contribute to pooling of water above the bore.  

 

5.3.13 Concrete Slab 

No statistically significant association was revealed between the presence or absence of a 

concrete slab above the bore and the occurrence of B. pseudomallei in bore water samples. 

The laying of a concrete slab above the bore creates a barrier to contaminated surface 

water flowing back into the aquifer and prevents the seapage of surface water through the 

shallow surface layers of soil into the bore casing area. Even if there was no association 

between the occurrence of B. pseudomallei and the presence or absence of a concrete slab, 

any measures that prevent the entry of surface water into the aquifer is a useful tool in 

maintaining ground water supplies that are safe to use. 
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5.3.14 Water Pumped to Irrigation 

Survey of the bore owners revealed that all bores were used for irrigation purposes and as 

a result, this was not further investigated as a potential factor for the occurrence of B. 

pseudomallei in bore water. The potential exists, particularly at agricultural sites where 

fertilizers and pesticides are used or where bore water is pumped to troughs that animals 

drink from (and defaecate near) that contamination of the bore system can occur. 

However, measured nitrate levels were universally low with 287 of 291 samples recording 

a nitrate level of <10mg/L indicating that contamination of the bores with fertilizers and or 

faecal matter is not currently a problem for the majority of owners. This indicates that 

there is no flow back of contaminated surface water into the bore and that bore piping has 

maintained its integrity in these environments, preventing contamination of the aquifer. 

 

5.3.15 Use in Wet and/or Dry Season 

Survey of bore owners revealed that it appeared to be general practice in the Darwin rural 

area to operate bores all year round. This continual operation of bores ensures that water is 

regularly moving through the bore casing, bore head, piping and into the storage tanks or 

outlets on the properties. This constant flow of water should aid as a barrier to the 

accumulation of sediment, rust and plaques in the bore system, which could lead to the 

formation of biofilms which are thought to aid in the survival of B. pseudomallei (34,61) 

and also prevent corrosion which could subsequently lead to infiltration of contaminated 

soil or water from the adjacent subterranean environment.  

 

5.3.16 Water Pumped to Tank 

Survey of the bore owners revealed that all but one bore was pumped to a water storage 

tank. As a result, this was not further investigated as a potential factor for the occurrence 
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of B. pseudomallei in bore water. It should be noted, that at the single property where the 

bore was not pumped to a storage tank, the resident at the property had previously been 

hospitalised with B. pseudomallei septicaemia. The incorporation of a storage water tank 

into a bore system potentially prevents water from taps, sprinklers, troughs and irrigation 

fittings being sucked directly back into into the aquifer. The addition of a water storage 

tank between the aquifer and tap fittings facilitates potentially contaminated water being 

‘trapped’ at the tank prior to flowing back into and contaminating the aquifer. However, 

further investigation is needed and must be inclusive of properties which possess bores 

pumped directly to irrigation as well as bores pumped to tanks and then subsequently on to 

irrigation fittings. 

 

5.3.17 Changes to Bore 

Survey revealed that only 4 of the 47 bores sampled had changes made to the bore since 

initial drilling and as a result, this was not further investigated as a variable contributing to 

the presence or absence of B. pseudomallei. Changes to bores can result from the re-

sinking of a bore to improve yield, from altering the bore water system by adding or 

removing storage tanks or piping, or from earth or seismic movements over time which 

result in breaches of the bore casing’s integrity. All of these activities introduce the risk of 

contamination to the bore and aquifer with soil from the adjacent environment. To reduce 

the risk of introducing bacterial contamination, the Land and Water Biodiversity 

Committee’s guidelines for bore construction (117) advocates the addition of chlorine to 

bore water with the aim of achieving a final concentration of 50mg/L of free chlorine. One 

of the bore owners had recently added a tank and associated piping to his bore and stated 

that he had dosed his aquifer and tank with ‘a bucket or so’ of chlorine. The 8 samples 

collected from his bore produced bacterial counts of 13, 11, 8, 12, 15, 10, 15 and 6 

CFU/mL respectively which indicates that chlorination of the bore was effective in 



 
90 

maintaining a clean bore. However, B. pseudomallei was isolated from 2 of the samples 

which may also indicate that B. pseudomallei survived chlorination through protective 

mechanisms such as biofilm formation, parasitisation of Acanthamoeba spp. or some other 

mechanism.  

 

5.3.18 Maintenance 

Survey of bore owners revealed that after sinking of bores, generally no maintenance was 

carried out on bores. The only activities pertaining to maintenance that were documented 

were the replacement of pump motors after lightning strikes and the mowing of grass 

around the borehead. As a result maintenance was not further investigated as a possible 

factor contributing to B. pseudomallei in bore water. 

 

5.3.19 Tank Chlorination 

Tank chlorination was not described as a regular practice by bore owners during survey. 

As stated previously, one owner responded that they had chlorinated a tank after it was 

installed and when works had been done on the piping linking the bore and the tank. 

Although not a requirement, the chlorination of water in the tank to a final concentration 

50mg/L of free chlorine adds an additional preventative measure to ensuring safe drinking 

water supply. The Land and Water Biodiversity Committee’s guidelines for bore 

construction (117) advocates the addition of chlorine to a water supply in order to disinfect 

bores. It would be advisable for people in the Darwin rural area with risk factors that 

predispose them to melioidosis, to disinfect their tank with chlorine in order to add another 

preventative health measure to their lifestyle. 

 

5.4 Physicochemical Characteristics 
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5.4.1 Iron 

A strong association was evident between the occurrence of B. pseudomallei and increased 

total iron levels. This association was evident across both seasons and supports previous 

research indicating that B. pseudomallei growth is enhanced in iron-rich media (59), in red 

soil high in oxidized iron (57,114) and supports research showing that B. pseudomallei can 

produce siderophores in environments where iron is in limited supply (59). It should also 

be noted that increased prevalence of B. pseudomallei has previously been shown in 

individuals with conditions causing iron overload such as thallassaemia (3).  

 

This association of B. pseudomallei with increased iron in bore water is of particular public 

health importance in the Northern Territory of Australia area where the iron fouling of 

groundwater is a common problem (120). Persons with risk factors that predispose them to 

melioidosis would be would be advised not to use bore water for personal use such as 

showering if iron levels in their groundwater were found to be high. This study also 

showed that B. pseudomallei is more prevalent in bores of a lower pH and it interesting to 

note that the more anaerobic conditions (and lower pH) likely to be found in water pumped 

from aquifers increases the bioavailability of iron in water as the Fe3+ is reduced to the 

soluble Fe2+ form under these conditions (121). 

 

5.4.2 Phosphate 

No statistically significant association was revealed between phosphate levels and the 

occurrence of B. pseudomallei in bore water samples even though phosphate levels were 

slightly higher in positive samples. In this study, phosphate was detected in the form of 

orthophosphate. Phosphates could potentially be introduced into water sources from 

detergents, agricultural fertilizers (117,119) and from treatments with orthophosphates and 

hexametaphosphates (which ultimately change to orthophosphates over time) which are 



 
92 

used to prevent corrosion in piping (119). Hexametaphosphates are also used to treat bores 

where clay is a problem (117).  

 

Although no statistically significant association was observed in this study, it is important 

to attempt to limit the level of phosphates in groundwater as it has been identified 

previously that excess phosphate encourages microbial growth (119,122). 

 

5.4.3 Nitrate 

There wasn’t sufficient variation in recorded nitrate results to further investigate it as a 

contributing factor to the occurrence of B. pseudomallei in bore water. Nitrate was 

measured in order to detect any potential contamination of the groundwater from 

fertilizers, effluent or sewage however the results showed that this does not appear to be an 

issue in the bores screened in this study.. The Australian Drinking Water Guidelines (119) 

prescribes that safe nitrate values in drinking water should be less than 100mg/L and less 

than 50mg/L for infants under 3 months of age. All results observed in this study were 

well within these advised limits. 

 

5.4.4 Turbidity 

A significant statistical association was observed between increased turbidity and the 

occurrence of B. pseudomallei in bore water. Higher turbidity readings indicate the 

presence of soil particles, organic matter or chemical precipitates in the samples. The 

presence of soil and organic matter indicates either a breach in the bore casing in the 

subterranean environment or a backflow of surface water into the bore. The introduction of 

soil into the bore environment could explain the origin of microbes and B. pseudomallei in 

the bore water samples. Also, the presence of high levels of decaying organic matter could 

contribute to acidification of the bore water and the production of a lower pH which is 
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favourable for B. pseudomallei growth. The Land and Water Biodiversity Committee’s 

guidelines for bore construction (117) should be adhered to as they implement measures to 

prevent the introduction of surface water into the bore and contamination of the bore from 

the subterranean environment. 

 

5.4.5 Salinity/Conductivity 

Measuring the electroconductivity of a solution is commonly used to determine its salinity. 

Measured conductivity of 1 mS/cm equals 640 ppm total salts. The stronger an electrical 

current flows through a solution, the higher the dissolved salt content (123). The results of 

this research revealed a significant association between lower salinity levels and the 

occurrence of B. pseudomallei in bore water. This supports previous in vitro research 

showing that the amount of culturable B. pseudomallei is reduced quickly above salt 

concentrations of 2.5 %w/v (34). However, artificially increasing the salinity of bore water 

to retard the growth of B. pseudomallei is not a viable option as the main uses of bore 

water are for drinking, household use and for irrigation and any use of salt will make the 

water unusable for human consumption and potentially retardant to plant growth. 

 

5.4.6 Bacterial/Coliform Count 

A significant statistical association was observed between increased bacterial/coliform 

counts and the occurrence of B. pseudomallei in bore water. This suggests the presence of 

nutrients not only suitable for the growth of B. pseudomallei but for the growth of 

microbes in general. It should be noted that the higher turbidity levels and the higher iron 

levels observed in B. pseudomallei bores would be indicative of soil particles and in 

particular, the iron-rich soil particles widely found in the Northern Territory entering the 

bore. This entry of microbes into the bore could be due to introduction of contaminated 

soil from failure in the bore casing in the subterranean environment or from the backflow 
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of contaminated surface water. The fact that median bacterial/coliform counts also 

increased in B. pseudomallei positive bores in the wet season, indicates that backflow of 

contaminated surface water is a likely source of microbes and B. pseudomallei.  

 

5.4.7 pH 

A significant statistical association was observed between a more acidic pH and the 

occurrence of B. pseudomallei in bore water. This supports previous research indicating B. 

pseudomallei’s preference for more acidic conditions (15,28,34,48,56,57,114). As 

previously mentioned, it is also interesting to note that the lower pH likely to be found in 

the anaerobic conditions found in water pumped from aquifers increases the bioavailability 

of iron in water as the Fe3+ is reduced to the soluble Fe2+ form under these conditions 

(121). Adhering to The Land and Water Biodiversity Committee’s guidelines for bore 

construction (117) should prevent the introduction of surface water, microbes and organic 

matter which ultimately could contribute to acidification of the water. However, in most 

cases, if the bore is constructed properly, the cause of a more acidic pH in the water is 

most likely to be beyond the control of the bore owner unless some sort of pH correcting 

device is installed at the borehead. In any case, this will correct the pH but VNCB may still 

persist. Testing of bore water pH in areas where B. pseudomallei is endemic can serve as a 

useful public health measure and individuals with risk factors can take reasonable 

preventative measures to reduce the risk of contracting melioidosis. 

 

5.4.8 Temperature 

No statistically significant association was found between temperature and the occurrence 

of B. pseudomallei in bore water samples. The mean temperatures observed across all 

samples support previous research by Tong et al. (48) which determined that the optimal 

temperature range for B. pseudomallei survival in normal saline was highest at 24-32°C.  
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5.4.9 Hardness 

A statistically significant association was observed between softer water (low calcium 

carbonate levels) and the occurrence of B. pseudomallei in bore water samples. The 

median calcium carbonate levels were also considerably lower in the wet season than in 

the dry season. This could be attributed to monsoon rains replenishing the volume of water 

in the aquifer. It has been shown that soft water, and in particular, water with a calcium 

carbonate concentration less than 100 mg/L, has a greater tendency to cause corrosion of 

pipes, resulting in the presence of heavy metals in drinking water (124). Specifically, with 

regard to bore water casing, softer water could produce corrosion in piping and allow B. 

pseudomallei contaminated soil or surface water from the external environment to infiltrate 

the bore and cause contamination. In cases where owners have identified softer bore water 

on their property, owners would be advised to either ‘harden’ the water by adding 

chemical agents or pre-treat the piping used in construction to extend the pre-corrosion 

lifespan of the bore. However, if financial or factors otherwise prevent the implementation 

of these measures, people living with risk-factors that predispose them to B. pseudomallei 

need to take appropriate measures to prevent infection. 

 

5.5 Limitations of the Study and Indications for Further Study 
Only 47 properties were sampled in this study, initially in the dry season of 2008. A larger 

study is needed to further explore the contamination sources of B. pseudomallei in water 

bores and the public health implications that result from this contamination. Furthermore, 

subsequent wet season sampling in 2008/2009 was restricted to 12 bores which were 

culture positive for B. pseudomallei in the dry season and 14 bores which were culture 

negative for B. pseudomallei in the dry season. This introduced a potential bias into the 

study which could be avoided if all 47 bores were sampled in both dry and wet seasons. 
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However, time and financial constraints precluded this. Furthermore, although samples 

were collected at time intervals to represent origin in the borehead, boreshaft, aquifer and 

tank, it cannot be guaranteed that B. pseudomallei detected in these samples is actually 

from this part of the bore system as the flow of water is through all these parts before 

reaching the sterile sample pot. 

 

This study showed that a DNA extraction method incorporating the use of sonication and a 

proteinase K treatment is able to detect B. pseudomallei in water. However, at present the 

sensitivity of this method needs to be improved before it will be of any public health 

benefit in detecting B. pseudomallei in bore water samples . Further studies are warranted. 

Further investigations to examine the possible use of Acanthamoeba spp. as a marker for 

B. pseudomallei presence in bore water must be conducted with a larger sample size and 

inclusive of both B. pseudomallei positive and B. pseudomallei negative bore water 

samples and also include Acanthamoeba spp. positive controls.  
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6 SUMMARY AND CONCLUSION 
 

The bacterium Burkholderia pseudomallei causes melioidosis which is an emerging 

disease and major health concern in northern Australia and Southeast Asia (3). Melioidosis 

cases have been attributed to contaminated water supplies (31-33,35) in northern Australia 

where water supplies in remote communities and towns are sourced from non-chlorinated 

bores.  

 

This study showed that a B. pseudomallei DNA extraction protocol utilizing sonication 

and a proteinase K treatment followed by real-time PCR targeting the TTS1 was able to 

detect B. pseudomallei in water samples. However, this method needs further improvement 

to increase sensitivity. A sensitive method of detecting B. Pseudomallei in bore water will 

enable outbreaks to be identified and investigated rapidly which has massive public health 

advantages. Further investigations are required. 

 

This treatise investigated the physicochemical and structural properties of 47 bores in rural 

Darwin prior to monsoonal rain in 2008. 12 of these 47 bores tested positive for B. 

pseudomallei. Subsequently, these 12 positive bores were then reinvestigated in 2009 after 

the onset of monsoonal rain, as well as 14 bores which were previously negative during the 

2008 testing period. 

 

No significant variation was observed between B. pseudomallei positive and negative 

bores with respect to bore age, depth, aquifer type, the presence of concrete bore casing, 

the presence of a concrete slab, the likelihood of water pooling at the bore and the origin of 

the sample (bore head, shaft, aquifer or storage tank). Effective bore capping appeared to 

reduce B. pseudomallei occurrence however this result was not significant.  
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A significant association was observed between the occurrence of B. pseudomallei and 

more acidic water, water with higher iron levels and water with low salinity. This is in 

accordance with previous studies in soil and laboratory media which exhibit a similar 

association.  

 

The turbidity level and coliform counts in B. pseudomallei positive bores were 

significantly higher which indicates that conditions in these bores are favourable for 

bacterial growth. Higher turbidity is indicative of more soil particles, organic matter or 

chemical precipitates in the water. This is most likely through the failure of the bore casing 

in the subterranean environment or backflow of surface water into the bore. Contamination 

of the bore with soil offers an explanation for the presence of of B. pseudomallei and other 

bacteria in these bores.  

 

The occurrence of B. pseudomallei in bore water samples was also strongly associated 

with high iron levels. This finding supports previous research showing that B. 

pseudomallei favours red-coloured soil (indicating oxidized iron) (57). The high levels of 

iron in B. pseudomallei positive bores is again likely due to the failure of the bore casing in 

the subterranean environment or backflow of surface water into the bore, which explains 

the water parameters in B. pseudomallei positive bores becoming even more favourable in 

the wet season. Furthermore, an acidic pH associated with B. pseudomallei positives bores 

increases the bio-availability of iron in water by reduction of precipitated Fe3+ species to 

soluble Fe2+ under more anaerobic conditions which are potentially encountered in bores 

(121). Again, decaying organic matter in these bores would result in acidification of the 

water and making conditions favourable for B. pseudomallei growth. 
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This study has identified water parameters such as low pH, low salinity and high iron 

levels which may help to identify water bores susceptible to B. pseudomallei 

contamination. The potential contamination of bore systems and aquifers with surface 

water and contaminated soil from the subterranean environment can be minimised if The 

Land and Water Biodiversity Committee’s guidelines for bore construction (117) are 

adhered to.  This study shows that in regions that experience heavy monsoonal rain such as 

the Northern Territory, bores need to be constructed to these specifications in order to 

prevent contamination with B. pseudomallei, particularly those bores where water 

parameters favour its growth. 
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Appendix 1: NRETA Map - Groundwater Supply Prospects 
and Hydrogeology Map of the Litchfield Shire 
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Appendix 2: Copy of Study Brochure 
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Appendix 3: Copy of Results Letters (Negative and Positive 
for B. pseudomallei) 
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Appendix 4: Kaestli et al.’s (18) method for B. Pseudomallei 
DNA extraction from soil (SOP 2008). 
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Appendix 5: Results of Trials to Detect B. pseudomallei DNA 
from Water spiked with B. pseudomallei 

Protocol Average Ct 
Successful detection of 5 
CFU/mL? 

Filter directly onto beads 35.8 No 

Elution of filter with PBS 34.3 No 

Elution of filter with PBS + 0.05% Tween 33.3 No 

Elution of filter with PBS + 0.05% Tween + 1hr agitation 31.8 No 

Elution of filter with PBS + 0.05% Tween + 30 mins 
agitation 

33.2 No 

Elution of filter with PBS + 0.05% Tween + 1.5 mins Vortex 32.3 No 

Elution of filter with PBS Tween + 0.05% Tween + 15 mins 
spin instead of 30 mins 

33.6 No 

Elution of filter with TRIS EDTA + 0.05% Tween NEG No 

Elution of filter with PBS + 0.1% Tween 33.8 No 

Elution of filter with PBS + 0.05% Tween after enrichment 
in 4 mL Ashdown’s Broth 

NEG No 

Elution of filter with PBS + 0.05% Tween after enrichment 
in 20 mL Ashdown’s Broth 

33.1 No 

Elution of filter with PBS + 0.05% Triton 31.2 No 

Elution of filter with PBS + 0.1% Triton 31.6 No 

Elution of filter (Hydrophilic polyethersulfone) with PBS + 0.05% 
Tween after enrichment in 4 mL of Ashdown’s Broth 

36.1 No 

Elution of filter (Hydrophilic polyethersulfone) with PBS + 0.05% 
Tween after enrichment in 20 mL of Ashdown’s Broth 

31.2 No 

Elution of filter (Nitrocellulose) with PBS + 0.05% Tween 
after enrichment in 4 mL of Ashdown’s Broth 

32.4 No 

Elution of filter (Nitrocellulose) with PBS + 0.05% Tween 
after enrichment in 20 mL of Ashdown’s Broth 

31.7 No 

Elution from filter with PBS + 0.05% Tween after 2hrs 
agitation at 37C 

NEG No 

No Filter (10µL Directly from inoculated water) NEG No 

No Filter (100µL Directly from inoculated water) NEG No 

No filter (10µL Directly from resuspended sediment of 20 
mL of ashdown’s broth incubated for 48hrs) 

17.7 Yes 

No filter (10µL Directly from resuspended sediment of 20 
mL of ashdown’s broth incubated for 48hrs) 

15.7 Yes 
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Appendix 6: Results of Trials to Detect Acanthamoeba spp. 
DNA from Selected B. pseudomallei Positive Bore Water 
Samples 
 
 

Sample Number Average Ct Value Acanthamoeba spp. 
potentially present? 

49 40.0 Inconclusive 

52 34.8 Yes 

53 49.1 Inconclusive 

54 - No 

55 - No 

56 - No 

57 - No 
NB:  No positive Acanthamoeba spp. controls were used. 
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Appendix 7: Summary of Bore Characteristics 
 

Year of Construction 
 

n 
Missing 

(unknown) Mean Median  25% 75% Min Max 

All 43 4 1992 1993  1987 1993 1974 2007 

Bps Pos 16 0 1991 1993  1989 1994 1974 2005 

Bps Neg 23 4 1993 1993  1987 2002 1976 2007 
 

Bore Age (Years) 

 n 
Missing 

(unknown) Mean Median  25% 75% Min Max 

 
All 

 
43 

 
4 

 
16.1 

 
15 

  
12.5 

 
21.5 

 
1 

 
34 

 

Bps Pos 16 0 17.3 15  13.8 19 3 34 
 

Bps Neg 23 4 15.4 15  6.5 21.5 1 32 
 

 

Aquifer Type 

 n 
Fractured and 

Weathered Rock Fractured Carbonate Rock 

All 47 22 
(46.8%) 

25 
(53.2%) 

Bps Pos 16 9 
(56.25%) 

7 
(43.75%) 

Bps Neg 31 13 
(41.9%) 

18 
(58.1%) 

 

Depth (metres) 

 n 
Missing 

(unknown) Mean Median  25% 75% Min Max 

All 41 6 56.36 53  42 66 24 139 

Bps Pos 16 0 55.31 55.31  49.5 65.25 24 81 

Bps Neg 25 6 57.03 50  39 68 25 139 
 



 
129 

Is bore elevated above surrounding ground? 

 n Elevated Not Elevated 

All 47 21 
44.7% 

26 
55.3% 

Bps Pos 16 6 
37.5% 

10 
62.5% 

Bps Neg 31 15 
48.4% 

16 
51.6% 

 

Is flooding likely to occur around bore in the event of heavy rains? 

 n Unknown Flooding No Flooding 

All 46 1 1 
(2.2%) 

45 
(97.8%) 

Bps Pos 16 0 1 
(6.25%) 

15 
(93.75%) 

Bps Neg 30 1 0 
(0%) 

30 
(100%) 

 

Concrete casing present? 
 n Concrete Casing No Concrete Casing 

All 47 33 
(70.2%) 

14 
(29.8%) 

Bps Pos 16 12 
(75%) 

4 
(25%) 

Bps Neg 31 21 
(67.7%) 

10 
(32.3%) 

 

Is the bore effectively capped? 

 n Capped Not Capped 

All 47 38 
(80.9%) 

9 
(19.1%) 

Bps Pos 16 12 
(75%) 

4 
(25%) 

Bps Neg 31 26 
(83.9%) 

5 
(16.1%) 
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Organic matter nearby? 

 n Organic matter nearby No organic matter nearby 

All 47 29 
(61.7%) 

18 
(38.3%) 

Bps Pos 16 10 
(62.5%) 

6 
(37.5%) 

Bps Neg 31 19 
(61.3%) 

12 
(38.7%) 

 

Concrete slab covering bore? 
 n Concrete Slab No Concrete Slab 

All 47 33 
(70.2%) 

14 
(29.8%) 

Bps Pos 16 11 
(68.75%) 

5 
(31.25%) 

Bps Neg 31 22 
(71%) 

9 
(29%) 

 

Have there been any changes to the bore since originally sunk? 

 n Unknown Changes No Changes 

All 47 24 
(51.1%) 

3 
(6.4%) 

20 
(42.6%) 

Bps Pos 16 9 
(56.25%) 

1 
(6.25%) 

6 
(37.5%) 

Bps Neg 31 15 
(48.4%) 

2 
(6.5%) 

14 
(45.2%) 

 

It was noted that all bores were: 

1) Used all year 

2) Used for irrigation purposes 

3) All properties except one pumped water to a storage water tank 

 

*No property owners reported any ongoing maintenance of their bores. 
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Appendix 8: Summary of Measured Bore Water Parameters 
 

pH  

Sample Type n Mean 
Standard 
Deviation Min Max 

95% 
CI 

All 291 7.07 0.75 4.62 8.92 6.98 – 7.16 

Wet 103 6.90 0.84 4.62 8.16 6.74 – 7.06 

Dry 188 7.17 0.68 5.11 8.92 7.07 – 7.27 

1min 73 7.14 0.77 4.62 8.79 6.96 – 7.32 

30min 73 6.99 0.75 5.11 8.26 6.82 – 7.16 

1hr 73 6.94 0.78 4.95 8.13 6.76 – 7.12 

All from bore 219 7.02 0.77 4.62 8.79 6.92 – 7.12 

Tank 72 7.22 0.69 5.11 8.92 7.06 – 7.38 

Bps Pos 57 6.51 0.64 4.62 7.81 6.34 – 6.68 

Bps Neg 231 7.21 0.72 4.95 8.92 7.21 – 7.30 
 

Turbidity (NTU) 
Sample Type n Mean Median 25%* 75%* Min Max 

All 291 42.83 5.1 2.6 15 0.28 1000 

Wet 103 82.19 8 4.6 19 2 1000 

Dry 188 21.26 3.9 2 11 0.28 1000 

1min 73 82.79 7.4 4 24 0.8 1000 

30min 73 55.62 6.2 3 20 0.75 1000 

1hr 73 23.64 5.2 2 11 0.28 1000 

All from bore 219 54.02 6.2 3 18.5 0.28 100 

All from tank 72 8.80 3.8 2.1 7.63 0.5 100 

Bps Pos 57 73.89 15 6.5 31 1.5 1000 

Bps Neg 234 35.26 4.5 2.4 10 0.28 1000 
* 25 and 75% percentiles  
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Salinity/Conductivity (mS/cm) 
Sample Type n Mean Median 25% 75% Min Max 

All 291 0.18 0.17 0.03 0.30 0 0.65 

Wet 103 0.16 0.08 0.02 0.29 0.01 0.65 

Dry 188 0.19 0.24 0.04 0.31 0 0.48 

1min 73 0.18 0.17 0.04 0.29 0.01 0.62 

30min 73 0.18 0.17 0.04 0.31 0 0.62 

1hr 73 0.18 0.17 0.04 0.31 0.01 0.65 

All from bore 219 0.18 0.17 0.04 0.31 0 0.65 

All from tank 72 0.18 0.17 0.03 0.30 0 0.64 

Bps Pos 57 0.09 0.04 0.01 0.14 0 0.32 

Bps Neg 234 0.20 0.25 0.05 0.31 0 0.65 
 

Temperature (degrees celcius) 

Sample Type n Mean 
Standard 
Deviation Min Max 

95% 
CI 

All 291 30.29 1.86 25.5 44.2 30.28 – 30.50 

Wet 103 29.73 1.58 25.5 35.2 29.43 – 30.03 

Dry 188 30.60 1.93 27.08 44.2 30.32 – 30.88 

1min 73 30.20 2.31 25.7 44.2 29.67 – 20.84 

30 mins 73 30.21 1.49 26.9 35.5 29.87 – 30.55 

1hr 73 30.38 1.31 27.5 34.3 30.08 – 30.68 

All from bore 219 30.27 1.75 25.7 44.2 30.04 – 30.50 

Tank 72 30.38 2.18 25.5 37.3 29.88 – 30.88 

Bps Pos 57 30.26 1.35 27.8 33.2 29.91 – 30.51 

Bps Neg 234 30.30 1.97 25.5 44.2 30.05 – 30.55 
 

Bacterial/Coliform Count (CFU/mL) 
Sample Type n Mean Median 25% 75% Min Max 

All 291 149.86 19 0 140 0 1000 

Wet 103 178.69 19 0 170 0 1000 

Dry 188 134.07 19 0 123.75 0 1000 

1min 73 137.07 25 1 140 0 1000 
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Sample Type n Mean Median 25% 75% Min Max 

30min 73 175.32 22 1 200 0 1000 

1hr 73 164.26 9 0 180 0 1000 

All from bore 219 158.88 20 0 160 0 1000 

All from tank 72 122.43 19 0 140 0 1000 

Bps Pos 57 239.42 100 13 120 0 1000 

Bps Neg 234 128.05 11 0 120 0 1000 
 

Hardness (mg/L CaCO3) 
Sample Type n Mean Median 25% 75% Min Max 

All 291 146.32 150 40 220 0 460 

Wet 103 124.17 90 10 210 10 460 

Dry 188 158.46 170 50 240 0 430 

1min 73 146.16 150 40 220 0 460 

30min 73 146.30 140 40 220 0 460 

1hr 73 144.66 150 40 220 0 460 

All from bore 219 145.71 150 40 220 0 460 

All from tank 72 148.19 160 40 220 0 460 

Bps Pos 57 85.44 50 10 130 0 280 

Bps Neg 234 161.15 170 50 237.5 0 460 
 

Iron (mg/L) 
Sample Type n Mode Median 25% 75% Min Max 

All 291 <1 <1 <1 2-3 <1 >5 

Wet 103 <1 <1 <1 4-5 <1 >5 

Dry 188 <1 <1 <1 1-2 <1 >5 

1min 73 <1 <1 <1 2-3 <1 >5 

30min 73 <1 <1 <1 2-3 <1 >5 

1hr 73 <1 <1 <1 1-2 <1 >5 

All from bore 219 <1 <1 <1 2-3 <1 >5 

All from tank 72 <1 <1 <1 1-2 <1 4-5 

Bps Pos 57 <1 2-3 <1 4-5 <1 >5 

Bps Neg 234 <1 <1 <1 1-2 <1 >5 
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Phosphate (mg/L) 
Sample Type n Mode Median 25% 75% Min Max 

All 291 1 2-3 <1 >5 <1 >5 

Wet 103 >5 3-4 <1 >5 <1 >5 

Dry 188 <1 2-3 <1 >5 <1 >5 

1min 73 <1 1-2 <1 >5 <1 >5 

30min 73 >5 2-3 <1 >5 <1 >5 

1hr 73 <1 2-3 <1 >5 <1 >5 

All from bore 219 <1 2-3 <1 >5 <1 >5 

All from tank 72 >5 3-4 <1 >5 <1 >5 

Bps Pos 57 >5 3-4 <1 >5 <1 >5 

Bps Neg 234 <1 2-3 <1 >5 <1 >5 
 

Nitrate-Nitrogen (mg/L) 
Sample Type n Mode Median 25% 75% Min Max 

All 291 <10 <10 <10 <10 <10 10-20 

Wet 103 <10 <10 <10 <10 <10 10-20 

Dry 188 <10 <10 <10 <10 <10 10-20 

1min 73 <10 <10 <10 <10 <10 10-20 

30min 73 <10 <10 <10 <10 <10 <10 

1hr 73 <10 <10 <10 <10 <10 <10 

All from bore 219 <10 <10 <10 <10 <10 10-20 

All from tank 72 <10 <10 <10 <10 <10 10-20 

Bps Pos 57 <10 <10 <10 <10 <10 <10 

Bps Neg 234 <10 <10 <10 <10 <10 10-20 
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Appendix 9: Mobio PowersoilTM DNA Isolation Kit 
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Appendix 10: Study Form 
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