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1. Introduction

Water testing methodologies for organisms such as Legionella spp, Pseudomonas aeruginosa and Escherichia coli are well established. However, there are other Gram negative bacteria which have been implicated in hospital waterborne infections worldwide for which standardised test methods are not currently available. In Scotland, a 2018 water incident in a new build hospital highlighted the risk to immunosuppressed hospital patients from other more rare and unusual Gram negative bacteria found in water systems e.g. Cupriavidus spp1. In response to this incident a national guidance document for detection of waterborne outbreaks was issued with a recommendation for water testing when such organisms are detected in clinical specimens2. However, for many opportunistic waterborne pathogens, no standardised methodology for optimal detection from water exists and there is a paucity of literature in this area. Without a standardised procedure there is a risk that suboptimal methodologies may be used which will fail to detect the organism when present. Failure to have a standardised approach also prevents assessment of effectiveness of control measures. Without standardised methodology, external validation with nationally recognised accreditation is not possible. Ultimately, failure to detect such organisms and subsequently identify risks from the water system with implementation of control measures could increase the risk of bacteraemias in patients with associated morbidity and mortality, and failure to identify the underlying source. 

2. Aim

The aim of this study was to develop standardised laboratory methodology for six waterborne pathogens which have been implicated in hospital waterborne outbreaks1, 3. These organisms were Acinetobacter spp, Burkholderia spp, Cupriavidus spp, Delftia acidovorans, Elizabethkingia spp and Stenotrophomonas maltophilia. We wished to ascertain; the optimal temperature for incubation, the optimal incubation length, the optimal agar or range of agars for isolation, and to determine a lower detection limit.  

3. Methodology
  
Water samples were artificially spiked with one of six different genera of bacteria. Initially this was one species in each water sample which was known to the investigator. This was to enable the optimal incubation and culture media to be established. The spiking of water samples was undertaken by one of three UKHSA laboratories and following spiking, samples were transported to the water laboratory in Glasgow Royal Infirmary for analysis. Although three separate labs were involved they operate as one and all participate in internal and external quality assurance programmes. Mixed cultures were also tested to assess how effective the methodology is for samples in which multiple organisms are present. Access to MALDI-TOF and specific databases was required for organism identification. 

Preparation of spiked water samples
Ten different isolates of each target organism (including both control strains from the National Collection of Type Cultures and wild types that had previously been isolated from water samples) were selected for use in the study. Test organisms were provided as cultures on agar slopes or as freeze-dried cultures. Subculture took place three times.  Each culture was inoculated onto Columbia blood agar (CBA) plate(s) and incubated at the temperature indicated in Table 1.  
Most cultures required incubation for a period of 24-72h; the plates were then checked for purity and stored refrigerated until required. One well isolated colony was inoculated from control plates into 10 mL of nutrient broth and incubated at the appropriate temperature as described in Table 1. The resulting cultures were the in-use control broths and were stored in the fridge until required. Serial tenfold dilutions were prepared from the in-use control broths as required, using Peptone Saline Diluent (PSD).
A Miles and Misra technique was used to determine the inoculum level of each test strain using 10µL of the 10-7, 10-6 and 10-5 dilutions to inoculate blood agar plates.
Appropriate dilutions were then selected to inoculate three 1 L bottles of sterile water with each strain, at approximate concentrations of < 100 cfu/L, 100-1000 cfu/L and > 1000 cfu/L. This was to enable assessment of the limits of detection of each test method.
Following spiking, samples were transported to the testing laboratory in insulated boxes with ice packs to achieve a temperature during transit of 2-8°C. Samples were transported observing the requirements of UN3373 and were packaged to avoid leaking. Samples were tested within 24hrs of spiking.

	Agar/broths
	Temperature
	Description

	Tryptone soya agar (TSA)
	30oC+ 37oC
	General all-purpose agar. Grows Gram-positive and Gram-negative organisms.
(Imipenem antibiotic disc was added to S. maltophilia mixed cultures to aid recovery as S. maltophilia is intrinsically resistant to this antibiotic).

	Pseudomonas selective agar (PSE)
	30oC+ 37oC
	Selective agar for the recovery of Pseudomonas spp. These organisms were all previously named Pseudomonas spp. Theory was that they should then grow well on this agar.

	Burkholderia cepacia selective agar (BCEP)
	30oC+ 37oC
	Selective agar for recovery of B. cepacia complex species. Used for isolation from Cystic Fibrosis clinical samples. 

	Chocolate Bacitracin agar (BAC)
	30oC+ 37oC
	This is a nutrient rich agar that contains the antibiotic Bacitracin which prevents the growth of Gram-positive bacteria.

	MacConkey agar (MAC)
	37oC
	All-purpose agar designed for Enterobacteriaceae but will isolate other Gram negatives including Pseudomonas spp.

	Nutrient agar broth
	37oC
	Nutrient broth to maximise recovery of Gram-negative and Gram-positive bacteria.



Table 1. Incubation temperatures and agars.

Evaluation of detection methods for different target organisms
For each water sample that had been previously spiked with a pure culture of target organism, 100 ml volumes were filtered under negative pressure onto the following media: Chocolate/bacitracin (Oxoid), Tryptic soy agar (TSA, Oxoid), TSA with Imipenem discs, Pseudomonas agar (E&O), MacConkey agar (Oxoid), selective Burkholderia agar (Oxoid) and nutrient agar broth ( Oxoid).  Filtration was performed, through a 47mm, 0.45um pore size membrane filter (PALL Europe, UK), using a 6- section filtering manifold (Pall, Europe UK). Counts of bacteria were enumerated at two temperatures ; 30°C and 37°C. Incubation time was seven days with plates read on day 2, day 5 and day 7.  Further identification was undertaken using MALDI-TOF.  Due to the limited volume of water MacConkey agar was only incubated at 37°C. 
A second aliquot of water was inoculated into enrichment culture and incubated at 37°C for five days. If the organism failed to grow on direct culture, the enrichment broth was sub-cultured on to agar plates on day two and day five of incubation. 
For S. maltophilia, which is known to be inherently resistant to imipenem, antibiotic discs were applied to TSA agar and colonies growing in the imipenem zone were identified. 
Detection of target organisms in naturally contaminated water samples
Routine water samples taken from a hospital environment (i.e. naturally contaminated with a normal background flora) were inoculated with bacterial strains as described above. We are not aware that any biocides were present but it is likely that water was chlorinated. These 1L sample bottles were filtered as before and also incubated for 7 days, with plates read at 2, 5 and 7 days. Target colonies were identified based on colonial morphology and identification was confirmed by MALDI- ToF. Samples where individual colonies could not be determined due to heavy bacterial concentration on the filter a sweep of the bacterial growth was purity plated on to Columbia blood agar (Oxoid, UK) before target colonies were identified by Maldi-Tof.

4. Results

Evaluation of methods using water samples spiked with pure cultures of target organisms
When expected bacterial counts (as determined by Miles Misra enumeration of inocula) were compared to observed counts in water samples, there were no significant differences between observed and expected counts for Burkholderia spp. on any of the media used (Students paired t-test; p>0.05), although growth on Pseudomonas agar was less good at 37°C than at 30°C. 

Similarly, observed and expected counts of Elizabethkingia spp were generally comparable (Students paired t-test; p>0.05) for all of the media tested. However, growth was generally slightly better at 30°C than 37°C, and overall, counts of Elizabethkingia spp were higher on TSA, Pseudomonas agar and Bacitracin agar than on B. cepacia and MacConkey agars. 

Acinetobacter spp. showed no significant difference between observed and expected counts for TSA (p=0.25) and MacConkey agar (p=0.06). However, growth was significantly lower than expected on Bacitracin agar (p=0.04), and there was almost no growth on Pseudomonas or B. cepacia agar.

For Cupriavidus spp, growth was significantly lower than the expected counts for all media and incubation conditions tested. However, the best results were obtained on MacConkey agar incubated at 37°C for 5 or 7 days (p=0.05). 

For S .maltophilia, the only medium / incubation temperature that gave comparable counts to those expected was Bacitracin agar at 30°C (p=0.06). The next best option was TSA incubated at 30°C (p=0.02).
Detection of target organisms in naturally contaminated water samples.
Table 2 demonstrates which agars the target bacteria were recovered from. Some samples were heavily overgrown with background flora, making it difficult to count precise colony numbers. Therefore, results were recorded as ‘detected’ or ‘not detected’. 
For S. maltophilia, the addition of an imipenem disc on TSA aided the detection of this organism amongst the background of natural bacterial contaminants. 

	Organism
	TSA 30oC
	TSA  37oC
	PSE 30oC
	PSE 37oC
	BCEP 30oC
	BCEP 37oC
	BAC 30oC
	BAC 37oC
	MAC 37oC

	C. pauculus
	D
	D
	D
	D
	ND
	ND
	D
	D
	D

	A. ursingii
	D
	D
	D
	D
	D
	D
	D
	D
	D

	D. acidovorans
	D
	D
	D
	D
	D
	ND
	D
	D
	Not tested

	E. miricola
	D
	D
	D
	D
	D
	D
	D
	D
	Not tested

	B. cepacia
	D
	D
	D
	ND
	D
	D
	D
	D
	D

	S. maltophilia
	D
	D
	ND
	ND
	ND
	ND
	D
	D
	D


Table 2. Description of the agars that the test organisms were isolated from the mixed cultures. D = detected, ND = not detected.
Cupriavidus spp. was not isolated from BCEP agar; although it was detected on all other agars, growth was more rapid on some than others. When inoculated into samples at low concentrations, Cupriavidus was recovered after 2 days of incubation on MacConkey and Pseudomonas agars, but only after five days on Bacitracin agar. On TSA, growth was detected after five days at 30°C, but after seven days at 37°C.  At medium and high concentrations, this organism was isolated on day 2 on all agars except BCEP.  
Acinetobacter spp., when inoculated at low concentrations, was isolated from all agars at day 2 except BCEP at 30oC where it was isolated at day 7. At moderate concentrations it was isolated from BCEP 37oC at day 5 and BCEP 30oC at day 7. All other agars isolated the Acinetobacter at day 2.
Delftia spp., was not isolated from BCEP at 37oC. It was isolated from TSA and BAC at day 2 and PSE day 5 at 30oC, day 7 at 37oC, and BCEP day 5 at 30oC (low concentrations). PSE agar at moderate concentrations it was isolated at both temperatures at day 5 but failed to be isolated at high concentration. BCEP agar 30oC isolated Delftia spp., at day 5 at moderate concentrations and day 2 at high concentrations. All other agars isolated at day 2 at moderate and high concentrations
Elizabethkingia spp., was isolated from TSA (30oC), PSE, BAC and BCEP at day 2 at low concentrations. TSA (37oC) failed to isolate Elizabethkingia at low concentrations, at moderate concentrations it was isolated at day 5 and day 2 at high concentrations. The spiked water samples showed the optimal TSA was 30oC
Burkholderia spp., was isolated from TSA, BCEP, BAC at day 2 at low concentrations. PSE (30oC) isolated it at day 5 for low and medium concentrations and day 2 at high concentrations. MAC did not isolate any CFU at low concentration, day 2 at moderate concentrations and day 5 at high concentrations. 
Stenotrophomonas spp., was isolated from TSA, BAC (30oC) and MAC at day 2 at low concentrations. BAC (37oC) grew at day 5 at all concentrations. 
These samples were heavily mixed with other organisms which made it difficult or impossible to accurately count CFU.
CUT OFF VALUES
The cut-off values were calculated using the raw data Without knowing the exact spiking levels cut-off values can only be calculated to <100 CFU/l, 100-1000 CFU/l or >1000 CFU/L. (Table 3)
	Organism
	Estimated cut off limit for detection at 5 day incubation (inoculum levels of ‘low’ concentration samples shown in brackets)

	Cupriavidus spp 
	<100 CFU/L  - as all low TSA samples grew (6 – 17 cfu)

	Acinetobacter spp
	<100 CFU/L  - as all low TSA samples grew (7 -77 cfu)

	E. miricola
	<100 CFU/L  - as all low TSA samples grew (7 – 15 cfu)

	B. cepacia
	<100 CFU/L  - as all low TSA samples grew (2 – 10 cfu)

	S. maltophilia
	<100 CFU/L  - 1 failed to grow at low TSA but grew on MAC (3 – 7 cfu)



Table 3. Estimated cut-off level of detection limits shown per bacteria.

5. Discussion

There is considerable variation in published laboratory methods used to detect Gram negative bacteria in water samples. In one study Pseudomonas fluorescens were found in contaminated drinking water in a bone marrow transplant unit with nine patients becoming colonised with the organism and six of them developing febrile neutropenia.4 Water samples were initially cultured at 37°C for 24 hours but it was noted that there was poor growth of P. fluorescens at this temperature and that it grew better at 30°C. Similarly in an outbreak in a haematology ward when testing water for Ochrobactrum anthropi cultures were positive after incubation at 30°C for 48 hours.5 Although 37°C is human body temperature, optimal recovery of these organisms from water samples may in fact be at the lower temperatures of 30°C. We were therefore keen to establish whether there was a greater yield of any organisms at 30°C compared with 37°C. Results suggest that there is a greater yield at 30°C for the majority of organisms and media examined (with an exception being Cupriavidus on MacConkey agar).
Variations in the published literature also exist with regards to type of culture media utilised. Whilst TSA is a standard non-selective medium used in UK water labs, other agars such as MacConkey, cetrimide and Chocolate agar have been utilised to detect organisms such as B. cepacia and Sphingomonas paucimobilis.6, 7 During an investigation of B.cepacia and B. contaminans cases in hospitalised patients by Public Health England in 2021, the outbreak strains were detected in ultrasound gel and cleaning wipes respectively, by using an enrichment in Buffered Peptone Water at 30°C for 5 days followed by sub-culture onto cetrimide agar that was also incubated at 30°C for 48 hours (personal communication, UKHSA).
For the isolation of B. cepacia from clinical samples a selective Burkholderia agar is utilised, there is therefore potential to use this culture medium for water samples.  Unlike clinical isolates water isolates of B. cepacia grew well on all agars tested. Our results demonstrated that other organisms also grew on the selective B. cepacia media and therefore this agar cannot be utilised alone to isolate the organism from a mixed bacterial population in water samples. Further identification in the laboratory is required e.g. MALDI -TOF. Similarly, all organisms tested grew on Pseudomonas agar, at least to some extent, and therefore laboratories should be aware that this agar is not sufficiently selective to be used as the sole means of identification. Taudien et al describe a situation where P. aeruginosa was wrongly assumed to be present in hospital water which the authors stated led to unnecessary control measures. P .aeruginosa was identified on the basis of colonial morphology and basic laboratory tests e.g. oxidase. However, MALDI-TOF and 16S PCR identified these colonies as P. putida.8
Studies into the optimal recovery of A.baumanii from aquatic matrices concluded that dual incubation conditions of temperatures 30°C and 37°C and aerobic vs microaerobic conditions may influence the ability to recover the organism. The results indicated that no single incubation condition and culture media would recover A. baumanii from all environmental water types. 9 In our study Acinetobacter spp grew best on TSA plates. A. Johnsonii, only grew at 30oC, which supports the use of a 30oC temperature for maximum isolate recovery.
In one paper investigating an outbreak of S. maltophilia on an intensive care unit a selective method was described whereby water samples being tested for S. maltophilia were plated onto CLED agar with three imipenem discs on the plate. 10 Any colonies in the imipenem inhibition zones were then identified using MALDI-TOF. Use of selective media such as that described can speed up the identification and reduce overgrowth of background flora leading to more rapid implementation of control measures and save lab costs. In our study we used imipenem discs to aid with the isolation of S .maltophilia from mixed cultures which eliminated other, susceptible Gram negative organisms. 11 Imipenem discs are used in preference to Meropenem which is unreliable due to the potential for large zones of inhibition. 12 Overall, S. maltophilia struggled to proliferate on all agars. There were very few colony counts in triple figures. Due to this it was recommended that S. maltophilia was incubated at both temperatures to maximise recovery of this organism. Some of the other isolates appeared to struggle to grow on the agars, even at more concentrated volumes. This may be due to the bacteria not tolerating the handling process required to spike the water samples or even the transport to the laboratory. 
Whilst many water pathogens would be expected to grow on direct culture, enrichment media have been utilised as an initial step for detecting B. cepacia from water samples with incubation for five days at 37°C prior to subculture. 6 This can be beneficial when a very low detection limit is required, or when inhibitory substances may need to be diluted out to allow the growth of the target. A similar strategy was adopted on water samples being tested for E. meningoseptica following an outbreak in haemodialysis patients. Water samples were first inoculated in a trypicase soy broth for 48 hours before inoculation onto agar plates.13 In our study we had planned to use an enrichment step for organisms failing to grow; however, this was not required since all organisms were recovered from water samples on at least one of the media tested, even at contamination levels of < 20 cfu per 100ml. 
Deficiencies of this study include that we did not record the water temperatures or the presence of any known biocide or disinfectant in the water samples. Therefore, some of the bacteria may have been sub-lethally injured and in a viable but not culturable state. Further work should take these factors into account.

The findings of this study should aid diagnostic labs with the identification of common waterborne pathogens in response to clinical cases. We would only propose to use these methods for this purpose rather than screening of water for all OPPPs . From our results the recommendation is to implement a screening method which utilises three different agars – TSA, BAC and Pseudomonas agar to optimise retrieval.  Agars should be incubated aerobically for five days. Where one agar failed to pick up common waterborne pathogens at low counts, the other agars did.  30°C was considered optimal temperature for retrieval.  An exception is that S. maltophilia does not seem to perform well on these agars and results suggest 30°C and 37° C are both required. Where S. maltophilia  is suspected an Imipenem disc can be included on the 37°C TSA plate. Caution is required relying solely on selective agars as other organisms may grow on these plates. The placement of antibiotic discs on agar may help with isolation of waterborne organisms that display inherent resistance to the antibiotic e.g. S.maltophilia and Imipenem.  Use of MALDI-TOF reliably identified all species tested. With the use of a combination of three agars and MALDI-TOF for confirmation, it is hoped that many labs will be able to expand their repertoire for water testing to include more unusual Gram negative organisms associated with waterborne outbreaks. It should be noted that there is currently no accredited laboratory test for the organisms featured in our study. Whilst this does not preclude laboratories undertaking testing in response to outbreak situations, next steps for this work would be Ring Trials to develop this methodology further. This would enable the subsequent development of accredited tests and an external quality assurance programme which laboratories could participate in.
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