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Summary. 
 

   The revised bathing water directive introduces several changes to the regulation of 

bathing water quality, including ensuring the public are informed on bathing water quality. 

This project investigated the possibility of reducing the time required to count Escherichia 
coli and intestinal enterococci in bathing waters. Reducing analytical time would allow 

warnings of suspected poor water quality to be withdrawn as soon as possible. Any new 

method would need to demonstrate equivalence with existing standard methods.  

   Other considerations for the project were that the new method needed to include a culture 

step to ensure that only viable cells were measured, and, as far as possible, to use sample 

handling and processing techniques that may eventually allow the method to be delivered 

on site. 

   The final method relied upon using the minimum time for selective culture of the target 

bacteria, followed by nucleic acid amplification of genes that identified target cells, to 

enable most-probable number estimation (MPN) of initial cell concentration. Enumeration 

of intestinal enterococci required longer incubation times than E. coli. The method for 

intestinal enterococci is outlined below: 

 

Day 1 (pm). Sample collection. 

Sample is collected and arrives in the laboratory before 17.00. 

Concentration/filtration      1h 

Incubation time in selective growth medium   >12h 

 

Day 2 (am). Produce quantitative data prior to 08.15. 

Nucleic acid detection (preparation)    30 min 

Nucleic acid detection (processing)     1h 30 min 

Calculating and reporting data      15 min 

(Reporting data at 08.15 therefore means a 06.00 start). 

 

   The new method was tested in parallel with both of the current standard methods used for 

enumerating intestinal enterococci; ISO 7899-1 (miniaturised MPN method) and ISO 

7899-2 (membrane filtration). Significant correlations between counts from the new 

method and the standard methods were obtained, with the strongest correlation between 

data from the new method and that from standard membrane filtration (as currently used by 

the Environment Agency for bathing water monitoring). The new method can therefore 

provide data that is comparable with membrane filtration data, for approximately 08.15 the 

day after sample collection, reducing the time to data reporting by at least 24-48 hours. 

Further practical steps were also identified that may reduce the time to reporting data even 

more. The new method has the potential to be delivered from a general (rather than a 

specialist microbiological) laboratory. 
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1.1. Introduction and rationale. 
 

   The revised bathing water directive (rBWD; Directive 2006/7/EC) was adopted by the 

European parliament and the Council of the European Union in 2006, for full 

implementation by 2014. Other milestones were also stipulated within the directive (e.g. 

bathing beach profiles by 2011). The aim of the rBWD directive is “to preserve, protect 

and improve the quality of the environment and to protect human health by complementing 

Directive 2000/60/EC” (the Water Framework directive). 

   The rBWD therefore changes the method for assessing microbiological quality of bathing 

waters. One clear change is that the intestinal enterococci (IE) are given more significance 

than under the previous bathing water directive; another clear change is in the 

concentrations of the faecal indicator organisms (FIO) used to assess the various bathing 

water quality criteria (Tables 1 and 2). 

 

 

Table 1. Inland waters. 
_________________________________________________________________________ 

Parameter   Excellent Good  Sufficient  Reference methods 

    quality  quality    of analysis 

_________________________________________________________________________ 

Intestinal enterococci  200 (*)  400 (*)  330 (**)  ISO 7899-1 or 

(cfu/100 ml)          ISO 7899-2 

 

Escherichia coli   500 (*)  1000 (*)  900 (**)  ISO 9308-3 or 

(cfu/100 ml)          ISO 9308-1 

_________________________________________________________________________ 

 

(*) Based upon a 95th percentile evaluation.  

(**) Based upon a 90th percentile evaluation.  

 

 

 

Table 2. coastal waters and transitional waters 
_________________________________________________________________________ 

Parameter   Excellent Good  Sufficient  Reference methods 

    quality  quality    of analysis 

_________________________________________________________________________ 

Intestinal enterococci  100 (*)  200 (*)  185 (**)  ISO 7899-1 or 

(cfu/100 ml)          ISO 7899-2 

Escherichia coli   250 (*)  500 (*)  500 (**)  ISO 9308-3 or 

(cfu/100 ml)          ISO 9308-1 

_________________________________________________________________________ 

(*) Based upon a 95th percentile evaluation.  

(**) Based upon a 90th percentile evaluation.  

 

 

   Other legislative requirements mean regulatory agencies need to provide more 

information to the public about water quality. One aspect of this requirement is that 

pollution warnings may be issued to the public, based on a prediction of poor 
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microbiological water quality (e.g. following a known pollution event, or prior to a rainfall 

event that may impact upon the microbiological quality of a bathing water). 

   After a pollution warning is issued, regulatory agencies need be able to withdraw the 

warning based upon evidence (obtained by testing) that the water quality meets acceptable 

standards. There is considerable pressure (e.g. from local business interests) to provide 

analytical evidence as quickly as possible. Currently, with transit to the laboratory and 

analytical time, it can be 48-72 hours after a sample was taken, before a result is available.  

 

   Initially, the project board set out to define the nature and scope of the required work. 

The primary aim of the project was to allow a pollution warning issued for a bathing water 

site after an actual, or suspected, contamination event, to be withdrawn as soon as possible. 

With the adoption of defined substrate bacteriological media, which can give a confirmed 

result at the same time as the presumptive count (Fricker and Fricker, 1996), overall 

analytical time can be reduced. However, the ability to reduce analytical time to <12hrs, 

possibly for a same day result, would be of great benefit. Equivalence with the standard 

methods (Tables 1 and 2) would be necessary, especially around FIO concentrations which 

would decide microbiological quality of that sample (Tables 1 and 2). The rBWD limits 

will be based upon 90
th

 or 95
th

 percentile evaluations, making identification of a single 

sample limit problematic. Thus although it would be preferable if any new method could 

be shown to match conventional methods over the full range of concentrations, 

concentrations between 50 - >500 CFU/100 ml. were of greatest significance (Tables 1 and 

2).  

   The project board requested a literature review of possible technologies for the project. 

This review is presented in section 7, with a summary table of approaches presented in 

Table 3. 

   After due consideration of the details of the literature review, the board agreed the initial 

recommendations for the direction of the laboratory work, which were that the project 

should examine: 

 

1. On-site cell concentration procedures 

2. On-site nucleic acid extraction/concentration procedures 

3. Development of quantitative-polymerase chain (qPCR) reaction assays for 

enterococci and E. coli using existing qPCR instrumentation as the initial analytical 

method and as a fall-back analytical method. 

4. Development and testing of loop-mediated isothermal amplification (LAMP) 

assays for enterococci and E. coli 
5. Standard culture methods should be used as reference values for the nucleic acid 

data. 

 

 

 



 5 

 
Table 3. Comparison of analytical approaches for rapid quantification of intestinal 
enterococci and E. coli. 
 
________________________________________________________________________________________________________ 

Approach   Strengths     Limitations 

________________________________________________________________________________________________________ 

Fluorescent in situ  Specific    Signal:noise ratio means inactive cells may not be counted. 

hybridisation  Quantitative   Particles interfere with detection 

       Requirement for instrumentation and trained staff 

       Not amenable to on-site testing. 

            

Antibody labelling  Specific    Reaction with uncharacterised strains is unknown 

   Quantitative   Availability of antisera 

   May permit selective recovery  Cross-reaction with non-target cells may occur 

   of target cells 

 

Defined substrate   Detects culturable organisms  Time (especially for quantitation) 

technology media  Robust approach,   Not amenable to on-site testing 

   Data compare to regulatory tests    

 

Immunological label  Specific     Reaction with uncharacterised strains is unknown 

   Signal may be amplified using   Availability of antisera 

   additional enzyme-label  Detection may be difficult 

 

Specific enzyme activity Rapid    Glucosidases (for enterococci) are widely distributed, thus 

   Quantitative   needs selective medium 

 

Nucleic acid-based detection Specific    Expense* 

(general approach)  Rapid    DNA extraction step required* 

       Co-extraction of inhibitors* 

       Requirement for power supply (on-site testing) 

 

Polymerase chain  Specific    Detects DNA from both live and dead cells  

reaction (PCR)  Rapid    Difficult to obtain quantitative data 

 

RT-PCR   Specific    RNA very difficult to work with 

   Rapid     RNA levels change very rapidly 

   Differentiates viable from non-viable Quantitative may be difficult (e.g. ten very 

       active cells vs. hundred inactive cells) 

       Not amenable to on-site testing. 

 

qPCR   Specific    May detect DNA from both live and dead cells 

   Rapid    Detection limits 

   Quantitative   Expense 

       Not amenable to on-site testing. 

 

TMA   Specific    Quantitative may be difficult (e.g. ten very 

   Sensitive    active cells vs. hundred inactive cells) 

   Rapid    New technology (therefore relatively untested) 

      

 

LAMP   Specific    Complex primer design 

   Sensitive    New technology (therefore relatively untested) 

   Rapid       

   Reportedly resistant to inhibitors    

   Quantitative      

 

_____________________________________________________________________________________________________________ 

 

*applies to all nucleic acid amplification approaches 

 

 

   The project board discussed the relative importance of speed (i.e. time to reporting) over 

assessing the viability of the target bacteria in selecting the methods to develop. Neither 

qPCR or LAMP would distinguish active cells from dead cells or extra-cellular DNA. 

However, the current regulatory methods assess viability (as culturable cells). As the 

project progressed, the issue of ensuring that viable cells only were analysed was given 
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much greater importance, and that a culture-based route was in fact more appropriate than 

a method that assessed nucleic acids directly. 

   The initial target time was to obtain the data on the same day as sampling. In addition to 

the analytical time, the data would need to be quantitative. The key concentrations of 

bacteria were between 50->500 CFU per. 100 ml. The method also needed to provide the 

data as a concentration of enterococci (and E. coli) per 100 ml to allow a decision to be 

made with reference to regulatory standards. 

   The time required to deliver a routine service was also considered, and it was agreed that 

further work on qPCR of enterococci (with parallel studies on E. coli) would be a quicker 

route to a routine service than developing the novel LAMP assay. This was based on the 

existing laboratory experience in delivering qPCR as a routine service, whereas no 

experience was available for delivering LAMP routinely. 

 

1.4. Key Objectives. 
 

1. Allow a pollution warning to be withdrawn as soon as possible by reducing analytical 

time as much as possible; ideally <12hrs for a same day result.  

2. Demonstrate equivalence with standard methods, especially around FIO concentrations 

between 50 to >500 cfu/100ml. 

3. To consider, as far as possible, selecting sample handling and processing techniques that 

could eventually be delivered on site. 

 

2. Experimental approach. 
 

2.1. Environmental sampling 
   Fresh, estuarine and sea water samples were processed for this study. Samples collected 

by the Environment Agency (England & Wales) and submitted for routine bacteriological 

analysis were collected according to the standard work instruction. Briefly, samples were 

collected in sterile 500 ml or 1000 ml plastic bottles and stored at 4˚C prior to processing. 

Processing was initiated within 24h of sample collection. Samples were taken from a 

variety of sites around England and Wales, according to the day-to-day sampling 

requirements of the Environment Agency over this period. 

   Samples were also collected close to the National Laboratory Service site at Starcross, 

Devon, as the work demanded. Samples collected locally to the laboratories were taken 

from below the tidal limit on the river Exe at Starcross (grid ref SX977821) at different 

states of the tide. 

 

2.2. Sample processing 
   Samples were processed for faecal indicator organism counts according to standard 

methods, and in accordance with accredited procedures for membrane filtration (ISO 9308-

1 and ISO 7899-2 for coliform and faecal streptococci respectively). For total coliform and 

faecal coliform counts, 10, 1 and 0.1 ml sample volumes were suspended in approximately 

50ml of sterile ¼ Ringers solution and captured on 0.45 µm pore size mixed ester 

membrane filters. Filters were placed onto membrane lauryl sulfate agar (Oxoid, UK) 

before incubation. For faecal streptococci counts, 50, 2.5 and 0.1 ml sample volumes were 

collected on membranes as above, and placed onto Slanetz and Bartley agar (Oxoid, UK).  

   Where appropriate, samples were also processed for faecal streptococci numbers 

according to the miniaturised MPN method (ISO 7899-1). The manufacturer‟s instructions 

(BioRad) were followed in full, but the laboratory does not carry UKAS accreditation for 

this method. 
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   Environmental samples were processed for MPN-type assays by vacuum filtration of 

water into 96-well AcroPrep plates (0.45 µm pore size, GH membrane, Pall Gelman). 

When volumes of water greater than the standard capacity 1ml per well were filtered, this 

was achieved by sequential filtration of the extra volume. 

   Bacterial cells were also concentrated from water samples by filtration through mixed 

esters of cellulose acetate/cellulose nitrate membranes (GN6 membranes, Pall Gelman, 

UK); through polycarbonate membranes (Whatman, UK) or using the CellTrap modules 

(Mem-Teq Ventures Limited, Wigan, UK). All three filter methods used 0.45 µm pore size 

membranes. The CellTrap modules were used according to the manufacturer‟s instructions.  

 

2.3. Culture conditions 
   Intestinal enterococci and other Gram positive species were cultured in tryptone soy 

broth (TSB), brain heart infusion broth (BHI) or buffered peptone water, prepared 

according to the manufacturer‟s instructions (Oxoid, UK). Broth media were solidified 

with agar (1.5% w/v) where appropriate. IE were cultured at 44 ºC for 48h. Where general 

purpose media were made selective for enterococci, sodium azide (Sigma, Dorset, UK) 

was added at a final concentration of 0.4g/l.  

   Where appropriate, stab plates were made from MPN enrichment cultures grown in 96-

well trays. Media for these were prepared in 150mm diameter polystyrene Petri dishes 

containing approximately 100 ml of medium. Gram negative enteric bacteria from 96-well 

trays were cultured on tryptone bile X-glucuronide agar (TBX; Oxoid, UK). Counts were 

recorded as growth/no growth from each well. Total coliform bacteria were counted after 

incubation at 37 ºC for 24h. Faecal coliform bacteria were counted after incubation at 44 

ºC for 24h. IE from 96-well trays were cultured on Slanetz and Bartley agar and counted 

after 48h incubation at 44 ºC. 

 

2.4. Total microscopic direct counts 
   Total cell numbers were determined using epifluorescence microscopy after labelling 

cells with 4',6-diamidino-2-phenylindole  (DAPI; Sigma, Dorset, UK) at a final 

concentration of 2µg/ml. cell suspension, and an incubation time of at least 5 minutes. 

Cells were captured on 0.22 µm pore size black polycarbonate membranes (Millipore 

Costar). Cells were counted using an Olympus F60 epifluorescent microscope and an 

appropriate U.V. excitation filter. Data were captured and analysed according to the 

recommendations of Fry (1990). 

 

2.5. Standard reference materials 
   Reference strains of bacterial species are provided in Table 4. Reference materials 

containing freeze-dried bacterial cells were obtained as lenticules (Health Protection 

Agency, Newcastle, UK) for E. coli NCTC 9001 and Ent. faecalis NCTC 775. 

   Precise numbers of cells for recovery testing were obtained as freeze-dried cultures in 

BioBalls (Biomerieux, Basingstoke, UK) in cell numbers of 30 or 550 cells per test, for E. 
coli NCTC 12241 (ATCC 25922) and for Ent. faecalis NCTC 12697 (ATCC 29212). 
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Table 4. Reference strains of Enterococcus sp. and other species used for testing. 
__________________________________________________________________________ 
Species     Source 
__________________________________________________________________________ 
Enterococcus faecalis    ATCC 19433 (NCTC 775) 
Enterococcus faecium    ATCC 19434 
Enterococcus durans    ATCC 19432 (NCTC 8307) 
 
Enterococcus villorum    ATC 700913 
Enterococcus avium    ATCC 14025 (NCTC 9938) 
Enterococcus canis    LMG 12316 
Enterococcus columbae   LMG 11740 
Enterococcus dispar    LMG 13521 
Enterococcus casseliflavus   LMG 10745 
Enterococcus aquimarinus   LMG 16607 
 
Lactococcus lactis    ATCC 19435 
Staphylococcus aureus   NCTC 8178 
 
Escherichia coli    ATCC 9001 (K12)     
      ATCC 25992 
      NCTC 12210 
      R1   &   T2 (wild types) 
Klebsiella pneumoniae    NCTC 8172 
Proteus vulgaris    NCTC 4175 
__________________________________________________________________________ 
a Culture collections:  
ATCC – American Type Culture Collection 
NCTC – National Collection Type Cultures 
LMG – Laboratory of Microbiology, University of Ghent (Belgian Culture Collection of 
Microorganisms) 
 

 

2.6. Nucleic acid extraction and purification. 
   Nucleic acids were extracted and purified from cell cultures using a variety of 

approaches. Prior to purification, initial cell lysis was achieved using chemical (1% w/v 

sodium dodecyl sulfate, 5M guanidine isothiocyanate), biological (Proteinase K or 

lysozyme) or physical methods (heat or bead-beating) as described in Sambrook and 

Russell (2001) and Gourmelon et al., (2007). The final method for routine lysis of 

environmental enrichments of intestinal enterococci used the heat (autoclave) method of 

Simmon et al., (2004), omitting the cell washing steps. 

   DNA was purified from lysed cells using a variety of procedures, predominantly 

following the DNeasy protocol as described by the manufacturer (Qiagen). At various 

times, the Wizard Magnetic DNA purification kit (Promega) and the Charge Switch 

Forensic DNA Purification kit (Invitrogen) were also tested, following the manufacturer‟s 

instructions. DNA purification in a 96-well format used the Qiagen DNeasy 96-well kit, 

using the appropriate vacuum manifold and flow rates according to the manufacturer‟s 

instructions. 

 

2.7. Nucleic acid amplification (i). Quantitative-Polymerase Chain Reaction (qPCR) 
 

   qPCR amplification of target DNA sequences was achieved using the primers and probe 

combinations listed in Table 5.  
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Table 5. Quantitative PCR primer and probe assays for the detection of E. coli and 
intestinal enterococci. 
_________________________________________________________________ 

Species    Target gene    Ref 

_________________________________________________________________ 

E. coli     uidA    Frahm & Obst, 2003  

        Lee et al., 2006   

 

Enterococcus spp   23S rRNA   Frahm & Obst, 2003  

        Haugland et al., 2005 

        Ludwig and Schleifer, 2000 

    
Enterococcus faecalis  groeS   Lee et al., 2006 

_________________________________________________________________ 

 

 

   qPCR primers and probes were supplied by Applied Biosystems (Warrington, UK). 

Probes were used with both VIC®  and 6-carboxyfluorescein (FAM) reporters, in 

conjunction with a minor-groove binder (MGB) or a 6-carboxy-tetramethyl-rhodamine 

(TAMRA) quencher molecule. Amplification was performed using the TaqMan Universal 

PCR master mix without AmpErase uracyl-N-glycosylase, (Applied Biosystems) in 25 µl 

reaction volumes. Amplification was performed using an Applied Biosystems 7300 

system, with data collected using the SDS software as provided. Multiplex amplifications 

for both E. coli and enterococci were used, with reporter fluorescence collected by the 

appropriate filter combination. 

 

2.8. Nucleic acid amplification (ii) Loop-mediated Isothermal Amplification (LAMP) 
   LAMP assays for Enterococcus faecalis were performed according to the method of 

Kato et al., (2007). LAMP primers were designed according to the software algorithms of 

the Eiken Chemical Company‟s Genome Site (http://primerexplorer.jp/e/) using 

appropriate sequences downloaded and aligned using the Clustal software (European 

Molecular Biology Laboratories) database (www.ebi.ac.uk). 

   Standard LAMP assays were performed using the Bst polymerase enzyme (New England 

BioLabs) in the buffer supplied by the manufacturer. The amplification conditions were as 

described by Kato et al., (2007) using a PTC 200 DNA Engine Thermocycler (MJ 

Research, now distributed by BioRad). Standard LAMP products were electrophoresed on 

a 1.25% agarose gel at approximately 6 V/cm for 3h. Both 100 and 500 bp ladders 

(Fermentas, York, UK) were used as molecular weight ladders. 

   Real-time LAMP was performed using amplification conditions as above, but with the 

addition of SYBR Green 1 from the SYBR Green PCR Core Reagents (Applied 

Biosystems) to a final concentration of x1 (supplied at x10 concentrate; actual 

concentration unknown). Real-time LAMP was also tested for visual turbidity following 

pyrophosphate accumulation (Song et al., 2005). 

 

2.9. Data analysis 
   Bacterial count data from membrane filtration were expressed as numbers/100 ml 

original sample. Initially, MPN data were expressed per 100ml following raw data analysis 

using the freely available software MPN Calculator (Build 23, M. Curiale,  

http:\\members.ync.net\mcuriale\mpn\index.html); the freely available Excel MPN 

http://primerexplorer.jp/e/
http://www.ebi.ac.uk/
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calculator from the US Food and Drug Administration (BAM-MPN; R. Blodgett,  

http://vm.cfsan.fda.gov/~ebam/bam-a2.html) and the MPN tables supplied with the BioRad 

ISO 7899-1 kit. After confirming that all approaches gave the same result, data were 

routinely analysed using MPN Calculator (the extra precision offered through the US-FDA 

approach was judged to be insignificant). 

   Quantitative PCR data were judged positive for presence of target nucleic acids when the 

Ct value of the amplification was less than 35. Ct values greater than 35 were deemed 

negative. Thresholds were generally determined by the software algorithm, using cycles 3-

15 as baseline. qPCR data from 96-well MPN trays were exported from the SDS software 

into Excel (Microsoft Office 2003) and processed using a simple macro to count positive 

wells within each dilution.  

   Count data from different methods were plotted against each other using Excel. Data 

were log(10) transformed, and simple correlations were performed using Excel. 

 

 

3. Preliminary Method Development: Results and Discussion 
 

   The aim of the work was to produce a procedure that simplified the work flow “Sampling 

– Concentration - Pre-analytical processing & transport - Analysis – QC – Reporting” as 

much as possible, keeping the possibility of eventually delivering the tests from outside a 

central, routine laboratory. The data would need to show equivalence with a current ISO 

standard. Each of the relevant steps was therefore examined with these factors in mind. 

 

3.1. Reference materials. 
   Given the requirement of the project to accurately determine cell numbers in the range 50 

to >500 cells/100 ml, there was a need for a reproducible source of a known number of 

cells from relevant target species. Initially, two approaches were examined; use of 

reference lenticules of freeze-dried bacteria used for routine laboratory culture quality 

control, and use of dilution series prepared from a broth culture under standardised 

incubation conditions. 

   As a key part of the project was to deliver data more rapidly, it was originally considered 

likely that some form of direct analysis of cells would be used (e.g. nucleic acid 

amplification). Thus it was clear that the reproducible source would need a constant ratio 

of culturable:total cell numbers (culturable cells being assessed by the standard culture 

approach; total cells being assessed by the direct analytical approach). The ideal would be 

that culturable cell number equalled total cell number. 

   Reference lenticules were found to have a relatively stable culturable cell number, but 

the total cell number (assessed by microscopy) exceeded the culturable count by between 

100-1000 fold, depending on batch. This discrepancy hampered comparisons between 

direct- and culture-based analyses. Similar issues of variability exist for standard cultures. 

   The use of BioBalls was investigated as an alternative reference standard. The product is 

supplied as a freeze-dried sphere containing a defined number of cells. The culturable 

count, expected to be between 28 and 33 cfu, with a standard deviation of 3 cfu, was found 

to be correct (example data presented as part of Table 7). The total cell number was too 

low to be detected by direct microscopy. Estimating the total cell number using qPCR was 

complicated by inhibition of amplification if the freeze-dried ball was used directly in the 

amplification mixture. Removal of this matrix by centrifugation-resuspension washing 

steps carried the risk of losing cells during the procedure. However, an estimate of total 

cell numbers of Ent. faecalis, using the 23S ribosomal RNA gene assay, and an assumed 

http://vm.cfsan.fda.gov/~ebam/bam-a2.html
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gene copy number of 4 (Acinas et al., 2004), the total cell number in a BioBall was 

established as approximately equal to cfu number (data not shown). 

 

3.2. Sample concentration. 
   Collection and concentration of target cells from the original sample was required, as 

target cell numbers in most environmental samples would be too low to permit direct 

detection.  

   Cells from BioBalls containing either 30 or 550 target cells of each species were 

rehydrated in 500 ml ¼ strength Ringers solution and collected on mixed ester or on 

polycarbonate filters of 0.45 µm pore size. Plating of the filtrate (i.e. the liquid which 

passed through the filter) demonstrated that cells were retained by the filter as expected. 

Removal of cells from the filter was examined using a variety of methods, which included 

scraping cells from the surface in the presence of buffer and/or mild detergent (0.1% 

Tween 20). As the process may eventually be applied outside of the laboratory 

environment, filters were also placed into polythene bags with the buffer solutions, and 

rubbed between fingers to remove cells. Cell recovery was estimated by recapturing cells 

on the same membrane type followed by culture. Example data are presented in Table 6. 

Mixed ester membranes gave approximately 3 fold greater recovery levels, and performed 

more consistently than polycarbonate membranes (Table 6). In general, placing the used 

filters onto fresh media before incubation showed very few cells were left attached to the 

filter, and it was assumed that the remaining cells were left in the bags. 

 

 

Table 6. Recovery of Ent. faecalis cells from membrane filters. 
____________________________________________________ 
Filter material  CFU recovered  % Recovery 
____________________________________________________ 
 
Polycarbonate  3   15 
Polycarbonate  0   0 
Polycarbonate  8   41 
Polycarbonate  0   0 
 
Mixed ester  6   31 
Mixed ester  11   56 
Mixed ester  9   46 
Mixed ester  9   46 
____________________________________________________ 
 
Cells were prepared from a 18h culture of Ent. faecalis grown in tryptone soy broth. Average cell 
number in the inoculum = 19.6±1.0 (n=10). A one ml. volume of ¼ Ringers, followed by rubbing the 
filter between forefinger and thumb, was used to remove cells. 
 

 

   Recovery rates were not improved over those reported in Table 6 using 0.1% Tween 20 

in ¼ Ringers solution as an alternative buffer. Recoveries were only improved by 

increasing the volume of buffer used, with >70% recovery achieved with volumes of 5 or 

10 ml. However, these larger volumes would require a subsequent concentration step to a 

smaller volume prior to cell lysis or direct cell analysis. This approach was thus rejected as 

being of no real value to the project work. 

   The use of CellTrap filtration modules was examined, as these offered the potential for 

effective sample concentration (manufacturer‟s data suggest up to 15 litres of water) 

without excessive power demands should they be used outside the laboratory. A similar 
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approach was used to test concentration/recovery of target cells using BioBall as reference 

material. 

   BioBalls containing 30 or 550 cells were rehydrated in 500 ml ¼ strength Ringers 

solution and concentrated with CellTrap units. Recovering the filtrate from the units, and 

passing it through standard membrane (mixed ester) filters before plating onto growth 

media showed that all cells were retained in the units. The CellTrap units are similar in 

concept to tangential flow filtration, and as such variable volumes and fill/empty wash 

steps can be used to recover cells retained in the units. Typical data are shown in Table 7. 

After using the standard procedures (manufacturer‟s instructions) to remove cells, the units 

were filled with sterile buffered peptone water, and incubated in situ. Turbidity was taken 

to demonstrate that cells remained in the units.  

   Data in Table 7 demonstrate that the 30 cfu expected per BioBall were largely achieved. 

Other data show that relatively few cells (approximately 23%) were recovered in 

approximately 1 ml volume of ¼ strength Ringers. Increasing the volume of recovery 

buffer to 10 or to 50 mls improved mean recovery rates to 53% (n=4). However, the % 

recovery was variable (range 30-83%), which was deemed unacceptable for routine use. 

Repeated aspiration (up to 5 times) of the CellTrap unit, with and without a 5 minute soak 

step showed the same mean recovery rate (52%) but with reduced variability (range 47-

68%; n=4). 

 

 

Table 7. Recovery of known numbers of Ent. faecium using CellTrap filter units. 
 
_________________________________________________________________________________________________ 
Sample  Final  Filtrate  Retentate  Control  Recovery Growth  
  vol (ml)   CFU  CFU  CFU  (%)  in unit? 
_________________________________________________________________________________________________ 
Blank  1.06  -  -  0  NA  NA 
BioBall 30 NA  -  -  26  NA  NA 

BioBall 30 NA  -  -  32  NA  NA 

 

Blank  0.87  0  0  NA  NA  - 
BioBall 30 1.07  0  7  NA  24  + 

BioBall 30 1.03  0  6  NA  21  + 

BioBall 30 1.21  0  6  NA  21  + 

BioBall 30 1.08  0  7  NA  24  + 
BioBall 30 1.03  0  7  NA  24  + 

BioBall 30 1.09  0  6  NA  21  + 

_________________________________________________________________________________________________ 
* Recovery for this data set was calculated using 29 total cfu as 100%. 

NA – not applicable 

 

   The low proportion recovery and the variability of the data associated with these methods 

suggested that cell concentration, washing and recovery steps should be reduced to a 

minimum in order to reproducibly capture and retain target cells prior to analysis. At this 

stage discussions with the project board recommended the inclusion of a culture based step 

in the analytical procedure. The use of 96-well AcroPrep filter plates was therefore tested. 

 

3.3. Pre-analytical processing. i. Use of commercial kits. 
   Nucleic acid amplification approaches were tested in order to provide the specificity and 

speed of detection required by the project brief. A variety of cell lysis and nucleic acid 

purification methods were tested as part of any pre-analytical step. Again, the possibility of 

this processing step taking place outside of the laboratory was a consideration when 

approaches to this stage were tested. 



 13 

   The most straightforward approach to achieving cell lysis was taken to be lysis in situ in 

the final tray used for analysis. Initially, this was tested by simple heat treatment of cells 

within a qPCR mix, in the container (PCR tray) used for the amplification. Although this 

permitted effective and reproducible amplification from E. coli cells (all strains tested), 

amplification was less reproducible from Ent. faecalis. Variable amplification was also 

noted when using whole cells to provide template DNA; the use of purified DNA as 

template gave highly reproducible amplification (data not shown). As this data suggested 

that cell lysis/DNA purification steps may therefore be important in the final method, these 

were investigated in further detail.  

   Biological and chemical lysis steps were tested on cultures of Ent. faecalis. Preparations 

were examined after electrophoresis through agarose gels. Example data are presented in 

Figure 1. Although not capable of absolute quantification, analysis by gel electrophoresis 

does enable a robust comparison between the approaches. Biological methods (enzyme 

digestion) were more effective than chemical treatments (Figure 1), and of the biological 

methods, lysozyme treatment was more effective than proteinase K treatment (Figure 1). 

 

 
 

Figure 1. Genomic DNA from Ent. faecalis cells using different cell lysis methods. 
Following lysis, nucleic acid preparations were purified using the Qiagen DNEasy kit.  

Lane 1, biological lysis (lysozyme treatment); Lane 2, chemical lysis (guanidine 

isothiocyanate); lane 3, chemical lysis (sodium dodecyl sulfate); lane 4, biological lysis 

(proteinase K treatment); A.  Fermentas 100 & 500 bp ladder 

 

   Similar data were found for the other enterococcal species tested. The introduction of any 

such pre-analytical step into the processing chain would impact on both time and costs. 

The use of cell lysates (after lysozyme treatment) as template for nucleic acid amplification 

was then tested, to assess whether a purification step was required. However, the presence 

of lysozyme at appropriate concentrations was demonstrated to inhibit qPCR, whether 

added from a cell lysate, or directly as enzyme into an amplification reaction (data not 

 A    1     2    3     4    A 
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shown). It followed, therefore, that a nucleic acid purification step would also be required 

to remove lysozyme. 

   Several purification kits were evaluated, with factors such as power requirements, speed 

etc. (should the process be delivered outside the laboratory environment). The approaches 

tested were magnetic capture and purification (Wizard, Promega) and the charge switch 

approach (Forensic Charge Switch, Invitrogen). Briefly, magnetic capture works by 

binding DNA to particles that are also paramagnetic. Concentrating the particles in a 

magnetic field also concentrates the bound DNA, allowing removal and washing of 

contaminants. The Charge Switch approach works using a ligand that is positively charged 

at low pH (thus attracting the negatively-charged phosphate groups in nucleic acids). After 

removing contaminants, the pH is then raised, neutralising the ligand and releasing the 

nucleic acid. Both approaches therefore have minimal power requirements. 

   Following cell lysis, DNA was purified using the two approaches above, and the Qiagen 

kit used as standard within the routine NLS work. All three approaches worked 

satisfactorily (data not shown). Preliminary attempts were made to modify the Wizard and 

the Charge Switch methods to combine the cell lysis step within the purification protocol. 

Overall, these were not successful. Modification of the Charge Switch procedure to use 

chemical lysis was also avoided, as low pH conditions can degrade guanidine to release 

toxic gases. 

   At this stage in the work, therefore, it was clear that effective and reproducible 

amplification of nucleic acids from E. coli cells was straightforward, but targeting the 

intestinal enterococci required dedicated protocols for both cell lysis and DNA 

purification. These were not compatible with the project brief of obtaining data rapidly. 

 

Pre-analytical processing. ii. Alternatives to commercial kits. 
   The use of the commercially available cell lysis/nucleic acid purification kits enabled 

robust amplification of target DNA, but were not compatible with other project 

requirements (primarily speed, although use of these kits would add substantially to overall 

test cost). Alternative approaches to these were investigated. For these alternative 

approaches, the ability to deliver the protocol outside of the laboratory environment was 

given a lower priority. 

   In order to process multiple samples quickly and effectively, an alternative lysis method 

was sought, that provided DNA suitable for amplification and that did not require a 

purification step. However, it was recognised that options were quite limited, and had not 

yet been encountered from the main research literature.  

   The approach reported by Simmon et al., (2004) was tested. The reported method 

involved a very brief (1 minute) autoclave step. Simmon et al., (2004) report data from 

Enterococcus strains isolated from the environment. Although counter-intuitive, the 

method worked for the strains tested during this work, allowing robust amplification of 

target DNA from pure cultures. The method was subsequently further developed to reduce 

handling steps. Broth cultures (volumes between 1 and 25 µl) were placed in 96-well 

qPCR trays and sealed with aluminium foil. After centrifugation (1 minute at 900 x g) to 

ensure all cells were at the base of the wells, trays were autoclaved at 121 ºC for 1 minute, 

omitting the usual hold and purge steps, followed by rapid exhaust. Cell lysates prepared in 

this way were used directly for qPCR amplification. It was demonstrated that a volume of 

2 µl of overnight broth cultures (in TSB) of Enterococcus sp. could be effectively lysed 

through the rapid autoclave method (example data are presented in Figures 4 and 9).  
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3.4. Analysis. 
   Two main analytical approaches were tested in this work; the qPCR approach as outlined 

by Frahm and Obst (2003) and Haugland et al., (2005), and the alternative Loop Mediated 

Isothermal Amplification (LAMP) approach (Notomi et al., 2000). 

   A LAMP assay specific for Ent. faecalis was initially tested (Kato et al., 2007). 

Amplification conditions (primer concentrations and combinations, Mg
2+

 concentration, 

temperature) were optimised using gel electrophoresis of LAMP products. Example data 

are presented in Figure 2, where the lowest concentration (2mM) of Mg
2+

 has not allowed 

amplification to occur, and the highest concentration (6mM) has caused non-specific 

amplification (Figure 2). 

 

 

 

MgSO4 Conc       2 mM           4 mM       6 mM 

 

 

 

 

 
 

Figure 2. Optimisation of magnesium concentration in the LAMP assay for rapid 
detection of Ent. faecalis.  Lanes A and A* 100 & 500 bp. ladder. Lane A* shows a 

longer exposure image of the ladder, as the LAMP products dominate the image. Lanes 1, 

2, 3 contain target Ent. faecalis, Lanes 4, 5, 6 contain non-target E. coli 25992, Lane 7 is a 

negative control. 
 

 

   Optimal conditions for the LAMP assay were found to be the inclusion of all primers 

(Maruyama et al., 2003 recommended omitting the loop primers); primer concentrations as 

described by Kato et al., (2007) and 4 mM MgSO4  without added betaine (Kato et al., 
2007; Maruyama et al., 2003). A range of temperatures were tested, with a temperature of 

65 ºC used for subsequent assays. 

   Another aspect of the LAMP approach is the possibility of quantification in real-time. 

Amplification has been demonstrated by the production of turbidity from magnesium 

pyrophosphate (Sun et al., 2006; Song et al., 2005). Visible turbidity was only produced 

during this study at the higher concentrations (≥8 mM) of MgSO4. Data presented in 

     A*      1   2   3   4   5    6    7     1    2   3    4    5    6    7    1    2    3    4    5    6    7   A 
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Figure 2 show that increased MgSO4 concentrations may decrease specificity, and this 

aspect was not developed further. However, detection of product through SYBR Green 1 

fluorescence was investigated. The effect of the presence of the SYBR Green 1 dye on the 

Bst enzyme was unknown; initial data demonstrated that LAMP could proceed in the 

presence of the dye (Fig 3) but that choice of buffer was important (Fig 3). 

 

 

 

 

 

 
 

Figure 3. Real time LAMP using the SYBR Green 1 dye. Amplification was achieved 

using the New England BioLabs system with the addition of SYBR Green 1 (Figure 3a, red 

box). No amplification was possible using the SYBR Green 1 Core reagent kit buffers 

(Applied Biosystems; Figure 3a, green box). Eight reactions were performed with the NEB 

system (left hand side, Figure 3b). No LAMP products were observed from six reactions 

using the ABI system (right hand side, Figure 3b). NB: cycle number = time, as there was 

no temperature change by cycle. 

 

 

   A qPCR amplification approach was also tested for the specific detection of E. coli and 

intestinal enterococci. Initial screens demonstrated that the uidA qPCR assay as described 

by Lee et al., (2006) was effective (Figure 4). The specificity of this approach has been 

verified by other published work (e.g. Lee et al., 2006; Frahm and Obst, 2003), and no 

cross-reactivity was noted in this work with the enterococci strains tested (data not shown). 

   The large sub-unit ribosomal RNA gene of Enterococcus (23S rRNA gene) has been 

successfully applied by Frahm and Obst (2003) and Haugland et al., (2005). Both these 

studies used the same qPCR assay, originally designed from Ludwig and Schleifer (2000). 

The assay was demonstrated to be robust and specific in this study (Figure 4). 

 

 

 

 

 

 

 

a b 
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Figure 4. qPCR detection of E. coli and Enterococcus sp. using uidA and 23S rRNA 
gene targets respectively. A – Ent. faecalis and E. coli with the 23S rRNA gene assay; B 

–E. coli and Ent. faecalis with the uidA gene assay; C – multiplex detection of both species 

simultaneously. 
 

 

 

4. Final Method: Results and Discussion. 
   The final project brief was to develop a method that would deliver count data, 

comparable to the current ISO method, for IE, without interference from DNA from dead 

cells. The most important data range over which the results between the ISO and the new 

methods needed to agree was 50 to >500 CFU/100 ml. 

   At a further date, the possibility of delivering the method from outside a normal 

microbiology laboratory should be considered. 

   Given this brief, certain initial approaches were not taken further. The concentration and 

recovery of target cells had already been shown to be variable, and routine use of such an 

approach was questionable. The requirement to avoid complications arising from DNA 

from dead cells precluded using a direct, total nucleic acid – amplification – quantification 

approach (e.g. that of Haugland et al., 2005). This need therefore introduced the necessity 

for a culture-based step.  
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   The first approach taken towards delivering the brief was therefore to concentrate water 

samples in 96-well AcroPrep plates. Of the 96 wells available, 48 were used to concentrate 

2 ml. volumes of sample and 48 were used to concentrate 0.2ml. volumes of sample.  

   After concentration (using vacuum filtration), the entire 96 well tray was sealed at the 

base using an adhesive seal with an appropriate heat sealer (Eppendorf, UK). Sterile broth 

(200 µl) was then added to each well, before sealing the top surface of the tray with an 

adhesive seal. Plates were then incubated at 44 ºC for varying periods of time, to allow 

target cells to divide. 

   After incubation, the top seal was removed from the plates, and the enrichment broth was 

used as template DNA for nucleic acid amplification. 

   The first investigations aimed to establish how many target cells were required for 

detection, and also the maximum growth rates of target cells in different incubation 

conditions.  

 

Using equation 1, simulations of cell numbers after growth of a variety of starting cell 

numbers in different media were made. 

 

 

Equation 1.  
 

x(t) = a × bt/d 
 

where  

a = starting number of cells   b = increase in number after division = 2 

t = time     d = time taken for cell division 

x = cell number (at time t)  

 

   In addition, growth rates were measured both directly (microscope counts) and using cfu. 

Data are presented in Table 8. Achieving a doubling time of approximately 30 min. within 

the method, using BHI broth, was taken as a reasonable assumption (i.e. after lag phase). 

 

 

Table 8. Doubling times (h) of target species in different broth media at 37ºC. 
 
___________________________________________________ 

Species  mTSB  BHI   2xBHI 

___________________________________________________ 

E. coli   0.53  0.53  0.47 

Ent. faecalis  1.91  0.53  0.47 
___________________________________________________ 

mTSB – modified tryptone soy broth (TSB plus 0.1% bile salts) 

BHI – brain heart infusion broth 

 

   To complete the simulation, the detection limits of the qPCR assay to find a positive 

result in an MPN well were determined, using E. coli and Enterococcus sp. as target host 

cells. Broth cultures of were diluted to provide expected numbers of 0-10 cells/µl. 

Measurements were then made on µl volumes by CFU and by qPCR (Table 9). From this 

data, it was concluded that 10-20 cells (as cfu) could be reliably and reproducibly detected, 

but detection of 1-2 cells (as cfu) was not achieved (Table 9). This is in full agreement with 



 19 

the data presented by Haugland et al., (2005) but slightly higher (less sensitive) than data 

reported by He and Jiang (2005). The time taken for detection from the start of enrichment 

for a 10-20 cell starting inoculum  was determined as approximately 2h (E. coli) and 3h 

(IE) for laboratory-adapted cells, with minimal lag phase (Figure 5). These times were 

taken as minimum periods, and it was expected that responding to culture, with subsequent 

cell division, would take longer for stressed cells from water samples. 
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Figure 5. Time to detection of an enrichment of E. coli and Ent. faecalis from a 10-20 
cell starting number using qPCR of the uidA and the 23S rRNA genes respectively. 
 

 

 

Table 9. Example data of detection limits of Enterococcus sp. by the 23S qPCR assay. 
__________________________________________________________________________________________________ 
Species  CFU/ml  Expected  Ct Expected  Ct Expected  Ct 
  (Std dev)  no. cells   no. cells   no. cells  
__________________________________________________________________________________________________  
Ent. aquimarinus 8.50 (0.31) 255  32.34 26  35.26 3  UD 
Ent. avium 7.97 (0.40) 114  34.30 11  36.02 1  UD 
Ent. canis 8.09 (0.10) 166  34.00 17  35.54 2  UD 
Ent. casseliflavus 8.76 (0.22) 260  28.99 26  32.65 3  UD 
Ent. dispar 8.20 (0.06) 239  34.01 24  37.48 2  UD 
Ent. faecalis 8.43 (0.39) 295  31.13 29  38.36 3  UD 
__________________________________________________________________________________________________ 
Ct – threshold cycle; i.e. number of cycles taken for qPCR signal to cross threshold 

UD - undetected 
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   Using the above data (10-20 cell detection limits, 2 or 3h lag phase and 0.5h doubling 

time) as initial figures, the following scenarios were considered: 

 

Scenario 1. To deliver results same working day 
 

Sample arrives in the laboratory at 10.00 
Sample preparation time     1h 
Incubation time – includes lag phase   3h 30 min 
Set up        30 min 
Amplification (e.g. qPCR)    1h 30 min 
Plate reading      15 min 
Reporting at 17.00 
 

 

 

Scenario 2. To deliver results the next working day 
 
Sample arrives in the laboratory at 16.00 
Sample preparation time     1h 
Incubation time – includes lag phase   >12h 
Set up        30 min 
Amplification (e.g. qPCR)    1h 30 min 
Plate reading      15 min 
 
Reporting at 08.15 means a 06.00 start 
 

 

 

   Under these scenarios, it was clear that the ability to promote target cell division (i.e. 

reduce lag phase duration and maximise cell division rate) would be the critical step for 

scenario 1 (reporting the same day); and that the amplification step would be critical for 

scenario 2 (reporting at a useful time on the morning of the next working day). The number 

of target cells present in the sample, although clearly a major factor, was a variable outside 

analytical control. 

   The selection of BHI broth as an effective culture medium for both target groups of 

bacteria was established (Table 8). From visual observations on the growth of freeze-dried 

cells from BioBalls in TSB and in BHI broths, the lag phase of E. coli was less than that of 

Ent. faecalis when recovering from the freeze-dried state (also Figure 5). Establishing the 

lag phase of both E. coli cells and IE cells directly from water samples was complicated by 

the need to specifically identify target cells from non-target cells. Enrichments in BHI 

broth at 37 ˚C were examined by microscope and the total number of coccoid cells was 

recorded. Parallel enrichments using BHI supplemented with sodium azide were used to 

select for IE. Data are presented in Figure 6. Although the maximum growth rates were 

equal both with and without azide (Figure 6), the presence of azide increased lag phase, at 

both concentrations tested (0.04% and 0.4% w/v; Figure 6). 
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Figure 6. Estimating growth rates of environmental enterococci.  Enrichment cultures 

were obtained from 300ml sample collected on membrane filters and incubated in BHI 

broth with and without sodium azide. 

 

   Initial testing therefore used BHI broth (without sodium azide) as the enrichment 

medium most likely to allow reporting of data within the same working day (scenario 1). 

Parallel testing of the same samples by the method above (MPN-qPCR), by the membrane 

filtration method of ISO 7899-2; and by the miniaturised MPN method of ISO 7899-1 

allowed evaluation of the new method. Data from the first 17 samples are presented in 

Tables 10 and 11 as correlations between the different methods for E. coli and IE, 

respectively. 

 

 

Table 10. Correlation coefficients (n=17) between the ISO methods and the MPN-
qPCR method using brain heart infusion broth as an enrichment medium for 
enumeration of E. coli in natural waters. 
 

__________________________________________________ 

   TC, MF FC, MF TC, BioRad 

__________________________________________________ 

MPN-qPCR  0.87  0.56  0.94 

FC, MF      0.84 

__________________________________________________ 

TC – total coliforms 

FC – faecal coliforms 

MF – membrane filtration 
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Table 11. Correlation coefficients (n=17) between the ISO methods and the MPN-
qPCR method using brain heart infusion broth as an enrichment medium for 
enumeration of intestinal enterococci in natural waters. 
 

__________________________________________________ 

   FS, MF FS, BioRad 

__________________________________________________ 

MPN-qPCR   -0.32  0.13 

FC, MF    0.98 

__________________________________________________ 

FC – faecal coliforms 

MF – membrane filtration 

 

 

   The data clearly demonstrate that although some relationship between the MPN-qPCR 

method and the standard ISO methods may exist for E. coli and coliforms (Table 10), no 

relationship was demonstrated for the IE (Table 10). This is further illustrated in Figure 6. 

It was also noted that the two ISO methods showed a strong, positive relationship for E. 
coli and IE (Tables 10 and 11). The relationship between E. coli concentrations assessed 

using the MPN-qPCR method and the concentration of total coliforms was found to be 

much clearer than with the faecal coliforms (Table 10). This result was unexpected, and 

difficult to explain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Log(10) IE counts/100ml from the MPN-qPCR method using brain heart 
infusion broth as an enrichment medium, and the BioRad miniaturised MPN method 
(ISO 7899-1). 
 

 

   The data presented in Tables 10 and 11, and in Figure 6, although from relatively few 

samples, clearly demonstrated that the MPN-qPCR approach was not working effectively, 

especially for the IE group of bacteria. Equivalence between the methods was an essential 

part of the project brief. The MPN-qPCR method was detecting lower concentrations of IE, 
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and numbers measured by MPN-qPCR did not increase as they did when measured by the 

ISO methods (Figure 6). 

   Stab plates of the 96-well trays used as above clearly showed that culturable IE were 

present in the BHI broth, and were able to grow on Slanetz and Bartley agar. As this 

demonstrated that the target cells were present, it was evident that the qPCR procedure 

used to date was not able to detect them. The preliminary work had demonstrated that the 

qPCR assay was able to detect 20 cells within a well, and the measured growth rates (in 

conjunction with the measured cell numbers) suggested that sufficient target cells were 

present in the wells.  

   The first steps taken to investigate apparent failure of the MPN-qPCR method were to 

investigate cell numbers and cell lysis (i.e. ensure target DNA was being released from the 

IE cells, and to investigate culture conditions. 

   At this time within the project, samples arriving in the laboratory were generally of very 

good microbiological water quality (i.e. low concentrations of FIO; Figure 6). Although 

this was a complicating factor, trends in the data were still apparent, and it was noted that 

increasing incubation time had the unexpected effect of decreasing measured cell numbers. 

For example, concentrations of IE /100ml decreased from 9 (measured after 5h incubation) 

to 1 (measured after 21h incubation). Similar data were noted for E. coli (for the same 

sample, measured E. coli concentrations decreased from 170 /100ml after 5h incubation to 

30/100 ml after 21h). This effect was noted for all 3 samples tested this way. 

   As stab plates had demonstrated that IE cells were present in at least some of the qPCR 

wells, the addition of an increased biomass (equivalent to an increased volume of broth 

culture) to ensure target cells were present in the reaction mixture was investigated (Figure 

7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Effects of increasing cell biomass on qPCR amplification plots targeting 
Enterococcus sp. from environmental enrichments.  Amplification plots are exported 

from the Applied Biosystems SDS software. Equivalent volume of enrichment culture (µl) 

is shown next to the appropriate trace. 
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   It is apparent from Figure 7 that increasing equivalent cell biomass (in order to ensure a 

sufficient number of target cells are present) had the effect of apparently inhibiting qPCR 

amplification. However, this may not be the correct interpretation, as the increased cell 

biomass increased fluorescence levels at the start of the amplification process (Figure 7). 

Therefore even though when it was known that target cells were present, qPCR was 

apparently inhibited as no overall change in fluorescence was measured per amplification 

cycle. This effect is illustrated further in Figure 8, which demonstrates that as an 

enrichment culture containing FIOs from natural water samples starts to increase in cell 

number, the fluorescence measured at the start of a qPCR amplification increases (Figure 

8, right-hand side data). Harvesting a fixed volume of cells does not show this initial 

fluorescence (Figure 8, left-hand side data), therefore the effect was due to total biomass, 

and not fluorescence per cell. 
 

 

 

Blue bars = average fluorescence; purple bars = standard deviation. 

 
Figure 8. Initial fluorescence values from environmental enrichment broths. Using 

cells from a fixed volume of enrichment broth as DNA template shows no change in initial 

fluorescence over a 5h enrichment (left hand data set). Harvesting cells from a larger 

starting volume (200 µl in this example) shows an increase in initial fluorescence over the 

same enrichment period (right hand data set).  

 

   Several points had been identified as being of significance at this point in the project. 

These are summarised below. 

 

1. The maximum growth rate of both target groups of bacteria (E. coli and IE) in BHI was 

comparable, at 0.5h per. round of cell division (Table 8). 

2. Scenario 1 (deliver results the same working day) requires non-selective BHI (without 

sodium azide) to reduce lag phase for environmental IE (Figure 6). E. coli has a shorter lag 
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phase and higher maximum growth rate than IE in mTSB (Figure 5; Table 8). The use of 

mTSB may be suitable for detecting E. coli within scenario 1 (Figure 5, Table 8) though 

this is not fully validated. 

3. The minimum target cell number for detection is approximately 20 cells (Table 9). 

Detection of low numbers of E. coli cells may be possible after approximately 3h 

enrichment (Figure 5). This is heavily influenced by the ability to lyse E. coli cells by 

boiling. The apparently less effective lysis of IE cells from environmental enrichments by 

boiling, coupled with the longer lag phase of the IE cells means that a 3h incubation period 

in non-selective BHI enrichments does not permit effective detection of IE under the same 

conditions (Table 11, Figure 6). 

4. Incubating non-selective BHI enrichments for longer periods than 3h allows total cell 

biomass to increase (Figure 8). The addition of greater amounts of total biomass to qPCR 

amplification reactions, to ensure sufficient IE cell numbers were present, increased initial 

fluorescence readings, and prevented successful qPCR detection (Figure 7). 

5. Previous work developing IE cell lysis and DNA purification demonstrated the extra 

processing steps would increase time and costs, and would prevent delivery of scenario 1 

for IE. 

 

   Scenario 2 (delivering data early in the morning of the working day after sample 

collection) was then examined. Given the extended incubation times (>12h) possible under 

scenario 2, the ability to deliver the data early enough to be useful (i.e. approximately 

08.15), the emphasis of the work shifted to rapid sample processing.  

   Delivering scenario 2 for E. coli was considered by the project board to be less useful 

than for IE, as more suitable methods for E. coli enumeration within 18-24h exist. The 

work therefore focused on the detection of IE. 

   Addition of sodium azide to the BHI enrichments was used to provide effective selection 

for IE. The extended incubation period was considered sufficient for growth of IE. The key 

step was therefore cell lysis and DNA purification.  

   The use of the rapid autoclave method of Simmon et al., (2004) was demonstrated to be 

effective. qPCR amplification and detection of IE was demonstrated even in the absence of 

a wash step, provided a controlled volume of selective enrichment broth was used (Figure 

9). Effective detection was achieved after cell lysis using rapid autoclaving from 2 µl 

enrichment broth without any other purification step. At this volume, no inhibition due to 

sodium azide was noted. This was therefore an effective way to process enrichment broths 

prior to qPCR detection with selection to limit non-target cell biomass. 
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Figure 9. Detection of E. coli and Enterococcus sp. by qPCR after cell lysis by the 
rapid autoclave method. A-D, E. coli black lines, Enterococcus sp. blue lines. E-H, E. 
coli pink lines, Enterococcus sp. turquoise lines. A and E, 10 µl culture; B and F, 5 µl 
culture; C and G, 2 µl culture; D and H, 1 µl culture. 
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   The final method was to concentrate water samples in 96-well AcroPrep plates. Of the 96 

wells available, 48 were used to concentrate 2 ml. volumes of sample and 48 were used to 

concentrate 0.2ml. volumes of sample.  

   After concentration (using vacuum filtration), the entire 96 well tray was sealed at the 

base using an adhesive seal. Sterile BHI broth with 0.4% sodium azide (w/v) was then 

added to each well (200 µl), before sealing the top surface of the tray with an adhesive 

seal. Plates were then incubated at 44 ºC overnight (12-14 h) to allow target cells to divide. 

After incubation, the top seal was removed from the plates, and 2 µl of the enrichment 

broth was added to each well of a 96-well qPCR tray. The tray was sealed with a standard 

foil seal, centrifuged to pellet the cells, and autoclaved for 1 minute at 121 ˚C with a rapid 

exhaust step. This cell lysate used as template DNA for nucleic acid amplification in the 

same tray. 

   The approach above was then tested further, in parallel with the ISO 7899-1 and 7899-2. 

In addition, the same sample volumes as the ISO 7899-1 approach were also filtered and 

processed for qPCR detection as above. Stab plates were taken from enrichment trays after 

template volumes were removed. This approach measured IE cell numbers in several 

different ways:  

 

1. Intestinal enterococci by membrane filtration (FS, ISO 7899-2) 

2. Intestinal enterococci by miniaturised MPN (BioRad, ISO 7899-1) 

3. Intestinal enterococci by most probable number quantitative PCR (MPN-qPCR) 

4. Intestinal enterococci by MPN-qPCR using the ISO-7899-1 sample volumes (qPCR Bio) 

5. Stab plates from MPN enrichments, MPN-qPCR sample volumes (SP-MPN-qPCR) 

6. Stab plates from MPN enrichments, ISO 7988-1 MPN sample volumes (SP-Bio) 

 

 

   Correlation coefficients (R) for pairwise comparisons of all 6 methods from an initial 9 

samples are presented in Table 12, with the corresponding R-sq values in Table 13.  

 

 

 

Table 12. Correlation coefficients (R) between the different enumeration methods for 
IE from environmental samples. Method abbreviations are defined in the text. 

 

_____________________________________________________________________ 
  BioRad  MPN-qPCR qPCR Bio SP-MPN-qPCR SP-Bio 
_____________________________________________________________________ 
FS  0.83  0.90  0.44  0.96   0.72 
BioRad    0.88  0.13  0.72   0.76 
MPN-qPCR     0.44  0.90   0.86 
qPCR Bio       0.46   0.51 
SP-MPN-qPCR         0.72 
_____________________________________________________________________ 

Critical value for 9 observations = 0.67 (P=0.05). 
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Table 13. R-sq values for the different enumeration methods for IE from 
environmental samples. Method abbreviations are defined in the text. 

 

_____________________________________________________________________ 
  BioRad  MPN-qPCR qPCR Bio SP-MPN-qPCR SP-Bio 
_____________________________________________________________________ 
FS  0.69  0.82  0.19  0.91   0.52 
BioRad    0.78  0.02  0.52   0.59 
MPN-qPCR     0.20  0.81   0.75 
qPCR Bio       0.21   0.26 
SP-MPN-qPCR         0.52 
_____________________________________________________________________ 

 

 

   The main comparisons are between ISO 7899-1 (miniaturised MPN) and the MPN-qPCR 

method, and the ISO 7899-2 (Membrane filtration) and the MPN-qPCR method. Data for 

the two ISO methods are also presented for context. Although based on only a limited 

number of samples, the data in Tables 12 and 13 show that the three methods are in good 

overall agreement, and that the MPN-qPCR method for this data set compares favourably 

with the two ISO methods. A comparison of these three methods only with greater sample 

numbers is presented below. The relationship between the numbers of IE estimated by 

qPCR Bio (that is, MPN-qPCR using the BioRad ISO7899-1 sample volumes) did not 

show a significant correlation with any other method (Table 12). Estimates of IE 

concentrations from stab-plates taken from the MPN-qPCR plates (method designated as 

SP-MPN-qPCR) showed significantly correlations with the other methods (qPCR Bio 

excepted), with the highest correlation coefficient (0.96; R-sq 0.91; Tables 12 and 13) 

between SP-MPN-qPCR and the standard Slanetz and Bartley membrane filtration method 

(FS). The correlation between the SP-MPN-qPCR and the MPN-qPCR methods, although 

strong (R = 0.90; R-sq = 0.81; Tables 12 and 13) was not 100%. These two comparisons 

may indicate a difference in the IE community detected by culture with azide as a selective 

agent, and that detected by PCR.  

   The samples tested in this data set did not exceed 500 IE /100ml. 

   Data presented in Tables 12 and 13 demonstrate that a relationship may exist between the 

three main enumeration methods (ISO 7899-1, ISO 7899-2 and the new MPN-qPCR 

method). More data points were required to assess the relationship in more detail. Fifty 

samples were processed by all three methods. The nature of the samples and the methods 

meant that fewer than 50 paired data points were obtained. These data points are presented 

in Table 14. Overall, the data show that a sample which was „clean‟ by the MPN-

qPCRmethod  was also „clean‟ by the ISO methods (Table 14). 
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Table 14. Data values from samples which did not provide quantitative values for 
data analysis. Method abbreviations are defined in the text. 

 
__________________________________________________________________________ 
Sample site  Date  MF/100ml. BioRad/100ml. MPN-qPCR/100ml. 
__________________________________________________________________________ 
Starcross  2/3/09  <10  <15  0 
Starcross  3/3/09  <10  <15  0 
Starcross  4/3/09  27  <15  26 
Starcross field  11/3/09  <10  <15  0 
Dawlish Beach  17/3/09  <10  15  5 
Starcross  18/3/09  <10  15  3 
Sheldon River  26/3/09  <10  61  48 
Teignmouth Beach 6/4/09  <10  15  0 
Seaton   8/4/09  <10  30  1 
Seaton   14/4/09  <10  94  0 
Dawlish Beach  14/4/09  <10  46  17 
Dawlish Beach  20/4/09  <10  61  17 
Holcombe beach 20/4/09  <10  46  18 
Teignmouth Beach 20/4/09  <10  <15  16 
Dawlish Beach  22/4/09  <10  <15  4 
Dawlish River  22/4/09  <10  <15  3 
Starcross  29/4/09  <10  <15  1 
__________________________________________________________________________ 
 
 

   Correlations between paired sample data values were examined for the three methods. 

Data are presented in Figures 10 to 12 for correlations between ISO 7899-2 (membrane 

filtration) method and the new MPN-qPCR; ISO 7899-1 (BioRad miniaturised MPN) 

method and the new MPN-qPCR; and ISO 7899-2 (membrane filtration) method and ISO 

7899-1 (BioRad miniaturised MPN) respectively, as plots of untransformed concentration 

(Figures 10-12A) and as log transformed data (Figures 10-12B). Where paired sample data 

values were not available, data analysis was carried out on a reduced dataset. The number 

of data points is presented in each figure legend. The correlation coefficients (R) and 

corresponding R-squared values for the untransformed and transformed data are presented 

in Tables 15 and 16.  

 

 

 

 

 



 30 

 

 

y = 1.46x - 73.794

R2 = 0.8735

0

500

1000

1500

2000

0 200 400 600 800 1000 1200 1400

IE/100 ml (MF)

IE
/1

00
 m

l 
(M

P
N

-q
P

C
R

)

 
 

 

 

 

y = 1.2617x - 0.7128

R2 = 0.7376

0.5

1

1.5

2

2.5

3

3.5

0.5 1 1.5 2 2.5 3 3.5

log10 IE/100 ml (MF)

lo
g

10
 I

E
/1

00
 m

l 
(M

P
N

-q
P

C
R

)

 
 

 

 

Figure 10. Correlation between the ISO 7899-2 (membrane filtration) method and the 
new MPN-qPCR method for 36 environmental samples. A, untransformed counts 

/100ml; B, log(10) transformed counts /100 ml. The linear regression equation is presented 

for each plot. 
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Figure 11. Correlation between the ISO 7899-1 (BioRad miniaturised MPN) method 
and the new MPN-qPCR method for 44 environmental samples. A, untransformed 

counts /100ml; B, log(10) transformed counts /100 ml. The linear regression equation is 

presented for each plot. 
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Figure 12. Correlation between the ISO 7899-1 (BioRad miniaturised MPN) and the 
between the ISO 7899-2 (membrane filtration) methods for 35 environmental 
samples. A, untransformed counts /100ml; B, log(10) transformed counts /100 ml. The 

linear regression equation is presented for each plot. 
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Table 15. Correlation coefficients (R) between the two ISO methods and the new 
MPN-qPCR enumeration method for IE from environmental samples. Method 

abbreviations are defined in the text. 

 
________________________________________________________________________ 
 Untransformed data    log10(+1) transformed data 
___________________________  ___________________________________ 
 BioRad  MPN-qPCR    BioRad  MPN-qPCR 
FS 0.69  0.93   FS  0.66  0.86 
BioRad   0.75   BioRad  0.68 
________________________________________________________________________ 
Critical value for 36 observations = 0.33 (P=0.05). 

 

 

 

 

 

Table 16. R-sq values for the two ISO methods and the new MPN-qPCR enumeration 
method for IE from environmental samples. Method abbreviations are defined in the 

text. 

 
_______________________________________________________________________ 
 Untransformed data    log10(+1) transformed data 
___________________________  ___________________________________ 
 BioRad  MPN-qPCR    BioRad  MPN-qPCR 
FS 0.48  0.87   FS  0.43  0.74 
BioRad   0.56   BioRad    0.46 
________________________________________________________________________ 
 

 

   The most significant correlation were noted between the membrane filtration and the new 

MPN-qPCR methods (Figure 10; Tables 15 and 16), explaining approximately 75% of the 

observed variance. Other correlation coefficients, although significant, explain only 

approximately 50% of the variance, for comparisons between the BioRad miniaturised 

MPN method, and the two current ISO methods (membrane filtration and miniaturised 

MPN). Part of this low explained variance may be attributed to the tendency for the MPN-

based methods to return the same data point (e.g. 15 IE /100ml estimated by the BioRad 

miniaturised MPN method represents one positive larger sample volume well). This can be 

clearly seen in the data (Figures 11 and 12B). 

 

 

5. General Discussion. 
   The overall aim was to reduce the time taken to obtain a quantitative value for the 

concentration of E. coli and IE, that would be equivalent with that obtained from an ISO 

reference method, by as much as possible; ideally for a result the same working day. 

Subsequent to this, the inclusion of a culture-based step within the method was 

recommended, to eliminate bias from dead or non-culturable FIO. The eventual ability to 

deliver the test from outside a laboratory environment was to be considered when selecting 

analytical procedures. 
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   The final method developed in response to these requirements may deliver data for E. 
coli on the same working day (depending on the time of arrival of the sample at the 

laboratory) but would require an extended incubation step for IE. The method may deliver 

data early enough in the morning following sample collection to be of use in withdrawing 

“do not bathe” advice, and for informing the public of this withdrawal. 

 

   The initial recommendations for the laboratory work were that the project should 

examine: 

 

1. On-site cell concentration procedures 

2. On-site nucleic acid extraction/concentration procedures 

3. Development of quantitative-polymerase chain (qPCR) reaction assays for 

enterococci and E. coli using existing qPCR instrumentation as the initial analytical 

method and as a fall-back analytical method. 

4. Development and testing of loop-mediated isothermal amplification (LAMP) 

assays for enterococci and E. coli 
5. Standard culture methods should be used as reference values for the nucleic acid 

data. 

 

   The use of the CellTrap units, and of membrane filters, to concentrate and recover target 

bacterial cells was rejected during this project, due to the variability noted when 

recovering. The filters were effective at concentrating. Other applications have used 

CellTrap units (e.g. they are supplied with pathogen detection kits from Applied 

Biosystems), although the application may differ, as cells may be lysed in the unit, and 

then total DNA recovered. Recovering molecules may be more effective than recovering 

whole cells. However, it may be possible to use the CellTrap (or similar) as a means to 

physically separate and concentrate defined volumes of sample water prior to addition of 

selective growth medium, to combine the incubation step with transport of sample to the 

laboratory. This could offer substantial savings in time, but would need to be considered 

carefully in terms of cost and practicality. Sample separation and concentration using the 

AcroPrep 96-well trays was successful during this project, and again could be considered 

as a step carried out on-site, as a means to incorporate transport time into the method. If, as 

currently seems likely, separate growth conditions are required for E. coli and enterococci, 

this would also need to be considered. 

   Effective cell lysis, without the requirement for a subsequent DNA purification step, to 

form part of a routine service were demonstrated in this work, using the rapid autoclave 

method. Although this may not be applicable to on-site work, a very basic laboratory set-

up could use a pressure cooker for this step, making it a viable proposition. The 

requirement for enzymatic cell lysis (lysozyme) as an alternative to the rapid autoclave 

lysis may affect the ability to deliver a direct analytical method from outside the 

laboratory. Should this hurdle be overcome with an alternative approach, the Charge 

Switch and the magnetic DNA purification approaches were both demonstrated to be 

effective, although with clear cost implications. Overall, this study would recommend the 

magnetic purification kit over the Charge Switch for versatility and ease of use. The study 

by Haugland et al., (2005), extracting DNA from IE, also required an extensive (physical 

disruption by bead-beating) lysis step, which would not be compatible with on-site 

analysis. 

   The rapid growth required from the environmental cells in order to deliver same-day 

results was achieved in at least some samples for E. coli, but not for IE. Extending 

incubation times further than approximately 4 hours also permitted the growth of other, 
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non-target, species. It is possible that the non-selective culture conditions were 

successfully culturing the target IE cells, and that the poor correlations noted from these 

conditions were due to inhibition of the PCR step, as this increased biomass had a 

detrimental effect on qPCR detection. This had the clear implications of requiring longer 

incubation times with a selective agent (azide), thereby reducing the opportunity to deliver 

data the same working day. Once lag phase was passed, the growth rate measured in BHI 

plus azide of 0.5h is unlikely to be improved upon.  

   The inclusion of a culture step within the process, although forcing the assay time to 

incorporate an incubation step of at least 9h, had clear advantages in other ways. The final 

correlations between the MPN-qPCR data and the membrane filtration data explained a 

relatively high level of data variance over the required range of IE concentrations (0 – 500 

IE/100 ml.). Direct detection of IE DNA using qPCR has been shown to correlate well 

with culture-based assays (e.g. R-sq value of 0.86; Morrison et al., 2008), but only when 

IE concentrations were high. Additionally, the mean qPCR count exceeded the mean 

culture count by over three orders of magnitude (Morrison et al., 2008), precluding the 

measurement of cell concentrations over the range used for regulatory monitoring. Data 

from Haugland et al., (2005) demonstrate the ability to measure IE concentrations over a 

more useful range, but with a reduced amount of explained variance (R-sq 0.46). The use 

of a selective incubation step also increases general confidence that the correct target cells 

are being measured.  

   The testing of positive control material carried out as part of this project clearly 

demonstrated that freeze-dried lenticules, routinely used for culture-based microbiology 

quality assurance schemes, are not applicable to a molecular biological testing scheme. The 

huge difference between cell number per. lenticule when assessed by culture or by qPCR is 

perhaps no surprise, as the process is not designed to maintain viability, but to ensure 

production of a small number of stable cells. However, the usefulness of the BioBalls as 

defined reference material in this context was clearly demonstrated, as total numbers 

equalled culturable numbers. 

   Overall, the project produced a working scheme that could deliver data over the 

necessary range of cell concentrations within a useful time period. To date, relatively few 

samples have been processed using the new method, and although the initial data show 

promise, more data points are still required for a full evaluation and to judge whether the 

data can be used in an investigative context only, or whether it may be used in a  regulatory 

context. The system as described requires a rapid turn-around of the sample in the 

laboratory on morning after sample delivery. This is currently dependent on the time-

consuming option of a standard qPCR analysis, and the availability of the qPCR 

instruments. It may be possible to take lysed cells of both IE and of E. coli following the 

rapid autoclave procedure and combine qPCR measurements in a multiplex assay (that is, 

analyse for both target cell groups simultaneously).  

   Although modification of the process towards fast qPCR is likely to be straightforward, 

and would reduce the process time by approximately half, the requirement for multiple 

machines would remain. Therefore the ability to perform the analysis on multiple samples 

simultaneously would advance the method considerably. Isothermal amplification 

procedures, such as loop-mediated isothermal amplification (LAMP), would be primary 

candidates for this. Although the initial work using real-time LAMP early on in the project 

was discontinued, due to problems with the quantitative assessment of LAMP products, the 

process may be ideal for the presence/absence per. well required for the MPN enumeration 

format. As such, further work on the LAMP assay is justified. This method is of particular 

interest, as the detection of magnesium pyrophosphate (as a white precipitate) would allow 

the 96-well plate to be read by eye. It should be noted here that the initial work on LAMP 
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did not produce magnesium pyrophosphate of the same clarity as that reported by Song et 
al., (2005). 

   Should the LAMP-MPN approach prove satisfactory, and the full laboratory-based 

method demonstrate equivalence with the regulatory methods, there is a real possibility 

that with further developmental work, it could be delivered outside of a fully-equipped 

microbiology laboratory. However, delivering the method within a van may require 

substantially more work. 

   Delivering the isothermal-MPN method from a laboratory with only basic equipment 

may offer other advantages, especially by reducing the transit time before processing. 

More flexibility over sampling times may improve the ability to produce a result the same 

working day, though the concentration of IE in the sample may also impact on this. 

However, there are no obvious requirements for sophisticated instruments or equipment, 

and a sampling processing protocol would be straightforward (although staff training 

would be required, this would not require a detailed understanding of molecular biology). 

Controlling for contamination would be a source of concern, however. Setting up a training 

programme and also a subsequent performance assessment scheme is entirely feasible. 

 

 

6. Recommendations. 
 

1. More samples must be tested, ideally to approach 80 paired observations for all three 

methods. The range of target cell concentrations should also be increased to include 

samples with a higher level of contamination. Further testing of fast-PCR and/or LAMP is 

also required. 

 

2. Assuming data from recommendation 1 are satisfactory, full testing of the method to 

report data by the following morning is needed. This will enable testing of the reporting of 

real data in real time, together with parallel data from the ISO method(s), and it is likely 

that sampling, transport, registration, work-force planning and data reporting issues will 

come to light. 

 

3. The possibility of combining the rapid method-MPN-type approach with e.g. microbial 

source-tracking (MST) assays should be given due consideration, as a means to 

maximising the information that can be obtained from a sample. The ability to show cell 

concentrations and sources from the same sample is very attractive. 

 

4. The method as outlined in this project requires a culture-based incubation step. This step 

must be acknowledged to have both very positive aspects (improving the correlations 

between the standard and the rapid method; ensuring only viable cells are being assessed) 

together with some constraints (an apparent minimum incubation time of 9h). Further 

and/or alternative approaches should still be monitored and considered as appropriate. 
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7. Initial literature review considered by the project board. 
 

 

RAPID METHODS FOR SCREENING WATER SAMPLES FOR ESCHERICHIA 
COLI AND INTESTINAL ENTEROCOCCI. 

 
Project (SC070054) 

 

The Issue. 
   After a pollution warning is issued (as a result of suspected poor water quality, it can 

only be withdrawn following evidence obtained by testing that the water quality meets 

acceptable standards. The aim is to provide this testing evidence as quickly as possible. 

Currently, with transit to the laboratory and analytical time, it can be 48-72 hours after a 

sample was taken before a result is available. An acceptable target time is to obtain the 

data the same day as sampling. 

   In addition to the analytical time, the data must be quantitative. The key concentrations 

of bacteria are around the 50-100 enterococci per. 100ml range. The method must be able 

to demonstrate the number of enterococci (and E. coli) per 100 ml to allow a decision to be 

made with reference to regulatory standards. 

 

 

The Approach. 
   There are clear and distinct phases in the procedure from taking a sample to obtaining the 

result. Briefly, the stages are sample collection, transportation, registration, pre-analytical 

processing, analysis, QC, data interpretation and data reporting. The analytical step may 

represent the most challenging for the project, and the choice of analytical method will 

affect the other stages to some extent. However, the brief of this project means that it is 

essential not to concentrate solely on the analytical aspects of the testing procedure. 

Factors outside of the laboratory will determine the success or failure of any method, 

including representative sampling, sample handling, concentration, storage and 

transportation. It will also be prudent to establish an approach that can be modified to 

permit testing on site, if not now, then in the foreseeable future. If a common method, that 

utilised the same equipment, were developed for both the enterococci and for E. coli; this 

may make on site testing more feasible. However, two entirely separate approaches may be 

necessary, depending on the final agreed approaches for each of the two types of bacteria. 

If separate approaches are required, then the implications for on site testing must be 

evaluated. 

 

Sampling. 
   Environment Agency samplers are trained to follow set procedures to ensure as far as 

possible that bathing water samples are taken from a site that represents the area where 

many people are actually in the water, and that the sample is a reflection of the state of the 

water body (i.e. that bias is not introduced). Sample sites and numbers are selected to meet 

statutory requirements.  

   Samples are currently collected in appropriate bottles, and usually use pre-printed bar-

coded labels, which allow the sample to be traced once registered at the laboratory. Once 

collected, samples are transported through the courier network, and analysis must start 

within 24h of the water being taken from the site. 
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   It is anticipated that samples taken for the analyses developed under this project will be 

collected in response to a particular incident or weather event, and as such will be 

responsive, not routine. However, a sampler may need to take samples from more than one 

site on the same day. Thus although it is possible to expect, or require, a sampler to carry 

out some form of sample processing on site, this must be balanced with the needs of the 

sampler to complete a sampling run within that working day. 

   Remembering both the short the time frame required to deliver an answer, and the future 

possibility of a full on site test, it is anticipated that for this project, the full procedure will 

be carried out at the Starcross lab., with a view to developing initial processing steps that 

will later be passed back to the sampler. Given the short time frame, the final service 

cannot ignore the time taken to transport the samples. If it takes 5 hours for a sample to 

arrive at the labs, it is essential that the possibility of using that 5h period to begin 

incubation or lysis steps be considered. Likely steps that the samplers will be required to 

perform will be concentration of the 100 – 1000 ml sample volume into a small volume, 

and subsequent addition of a stabilising buffer, or a lysis buffer, or growth media. It must 

be remembered that selective growth of enterococci and E. coli is achieved under very 

different conditions. 

   Sample concentration will likely be achieved using single use, straightforward filtration 

apparatus, such as the Cell Trap (Harvey Coleman Ltd, Leeds, UK, in association with 

Applied Biosystems). Addition of buffer to this concentrate may then occur within the 

same device.  

 

Transport. 
   Current samples for bacteriological counts are transported refrigerated. Again, given the 

responsive nature of samples taken for this project, it is possible that non-routine (possibly 

motorcycle) courier runs may be required. Thus incubation conditions will need to be 

largely independent of temperature, and in reasonably small, robust containers.  

 

Registration. 
   No significant changes in laboratory registration procedures are anticipated, although 

samples may arrive at different times of the day than normal, and laboratory staff will need 

to be aware that samples are due. Communication between samplers and laboratory staff 

will thus be important. 

 

Pre-analytical processing. 
   Pre-analytical processing is driven by the choice of analytical method. However, it is 

anticipated that (a) some of this process will be developed so that it can be carried out on 

site, to utilise transport time, and (b) regardless of the method, some form of concentration 

step will be required. This can range from capturing cells on a filter through to extraction 

of a particular molecule. Given the key quantification parameter of 50-100 target cells per. 

100ml, sample concentration will be required. If a sample is clean (i.e. <50 cells per. 

100ml), then a certain minimum volume must be analysed to find them. 

   Other steps are determined by the analytical method, but may include selective 

concentration of whole cells or target molecules. 

 

Analytical. 
   Clearly bathing waters contain a heterogeneous community of bacteria (plus other 

organisms). The community is composed of different populations of different species, with 

an unknown amount of metabolic and genetic heterogeneity within each population. 

Therefore any assay requires analysis of a property specific to the population of interest. 
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This may be genotypic (i.e. encoded in the genes), phenotypic (i.e. looking for gene 

products such as antigens or enzymes; or looking for cell division) or a combination of the 

two. Both approaches have concerns regarding specificity and sensitivity. 

   All possible approaches can be divided into relatively few groups. All possible 

approaches require a specific measurement of some property inherent to the target species. 

Potential specific properties will be encoded in the genome, or be a result of gene 

expression.  

 

1. Direct measurement of specific cell numbers 

2. Amplification of specific cell numbers  

3. Amplification of a specific property of the target cells 

 

All of these approaches require amplification of a signal by some means to permit 

detection and enumeration. The differentiation of viable, dead and total populations will 

also be required.  

 

7.1. Direct measurement of specific cell numbers. 
   As implied in the title, direct measurement of specific cell numbers requires a direct 

examination of the sample in combination with a specific label that identifies the target 

cells against the heterogeneous background. Example approaches would include 

fluorescent in situ hybridisation (Amann et al., 1995) or a form of antibody labelling, with 

subsequent detection of the antibody by fluorescence (Porter et al., 1993) or other reporter 

molecules such as an enzyme-label. 

   These approaches will permit quantitative detection, and will often provide an indication 

of cell activity. In fluorescent in situ hybridisation, intra-cellular ribosomes are labelled 

directly with a fluorescent oligonucleotide probe. A crude relationship exists between cell 

ribosome content and activity (at least in the target bacteria for this test). Also ribosomes 

will eventually degrade within dead cells, and will thus not give a signal. (Likewise, 

surface molecules which are recognised by antibodies will degrade in dead cells.) 

However, this relationship has been questioned several times, and other approaches have 

been used to ensure viable cells are measured (Garcia-Armisen and Servais, 2004) 

   Commercially available kits for FISH are available for the detection of E. coli and for at 

least some of the target eneterococci species of interest (e.g. http://www.vermicon.com/ or 

http://www.microgenbioproducts.com/ or http://www.biovisible.com/ ). The approach is 

reasonably rapid, quantitative, and specific. However, significant shortcomings to the 

methods also exist. Probe design plays a large role in successful detection, although 

satisfactory probes are available for E. coli and several enterococci. Probes for groups such 

as total coliforms cannot exist however, as it is not a phylogenetically coherent group. 

Detection limits for manually-counted cells are quite high (Garcia-Armisen & Servais, 

2004) although scanning instruments such as the ScanRDI instrument (Chemunex; 

http://www.aeschemunex.com/index.html ) can count events on entire filters to 

considerably improve detection (LeMarchand et al., 2001; van Poucke and Ellis, 2000a, 

200b). However, skilled staff are required, and there is very limited scope for development 

and application of on site testing. The presence of particles in the sample also affects the 

detection limits, as does the ratio of target to non-target cells within a sample (Zaccone et 
al., 1995). The direct counting approach thus works best when target cells are present at 

1% or greater of the total particles (cells and debris) present. 

 

7.2. Amplification of specific cell numbers. 

http://www.vermicon.com/
http://www.microgenbioproducts.com/
http://www.biovisible.com/
http://www.aeschemunex.com/index.html
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   This approach is essentially selective cell growth. Using cell division under defined 

conditions to allow responsive cells to increase in number has been a key element in 

microbiological testing since it began. It is quantitative, robust and detects on viable cells. 

However, it may lack specificity, and confirmatory tests may be required.  

   Commercially available media, taking advantage of defined substrate technology 

(Fricker and Fricker, 1996, Grant, 1997) include Chromocult Coliform Agar (Merck, 

Darmstadt, Germany), Fluorocult E. coli Direct Agar (Merck) and m-ColiBlue24 broth 

(Hach). Using these tests, it is possible to get presence/absence data for target bacteria in 

samples reasonably quickly (within 8 h, depending on the degree of contamination), and a 

wide range of such tests are now available. At least some have been modified to permit 

enumeration (often by dilutions and the multi-tube approach). However, quantitative 

growth measurements take longer – generally at least 18 hours, plus possible confirmation 

. Overcoming this time limitation is the driver for the project. 

   It may be possible to combine a growth stage with a secondary detection stage to keep 

the benefits of culture with the speed of rapid screening. Such an approach has been 

reported previously (Ferrari et al., 2006), where microcolonies which developed on filters 

were probed using in situ hybridisation with and enzymatic reporter system. Although this 

study was aimed at detecting slow-growing soil bacteria, it would be readily modified for 

the early detection of microcolonies of enterococci and E. coli on appropriate media. 

Previous comments regarding the limitations of FISH still apply. The key factor would be 

how long an incubation period would be required for sufficient cell division to have 

occurred. Developing the assay into an on site method would be difficult. 

   Detection tests all rely on the ratio of the specific signal to background noise; successful 

detection requires a favourable signal:noise ratio. An alternative approach to amplification 

of specific cell numbers may also be removal of non-target cells, to reduce the noise 

element prior to detection. Selective removal of target cells has generally utilised an 

immunological label, to bind an antigen specific to the cells of interest, prior to depletion 

of non-bound cells. The potential of this type of approach in environmental samples has 

been demonstrated, e.g. using magnetic bead separations (Bolton et al., 1995, Porter et al., 
1997). The availability, choice and preparation for the antibody/antigen system are key to 

determining success. Systems which are effective in foods may still suffer greatly reduced 

performance in natural environments (Porter et al., 1997) due to non-specific binding of 

the protein molecules. The high specificity exhibited by the use of antibodies could restrict 

capture of sub-populations of cells (e.g. this approach has been widely used for the capture 

of E. coli O157:H7, but would not capture the majority of E. coli strains). Work aimed at 

overcoming this has utilised both alternative recognition molecules such as lectins or 

agglutinins (Payne et al., 1992, 1993, Porter & Pickup, 1998) or more widely distributed 

antigens such as the enterobacterial common antigen (LeVasseur et al., 1992). However, 

although much attention has been given to separating E. coli from heterogeneous 

backgrounds using antibodies, rather less has been given to separating enterococcal 

species. Polyclonal antisera against Enterococcus sp. are commercially available (e.g. 

http://www.abcam.com/index.html or http://meridianlifescience.com/ ), these are generally 

polyclonals, raised in rabbits, and may thus cross-react. A greater range of antibodies 

against E. coli exist. However, it is not clear how well these commercially available 

antibodies perform against the wide and diverse strains of E. coli in the environment.  

   Once separated from the heterogenous community of bathing waters, a further analytical 

step will be required. However, it is possible that at least the concentration/separation 

stages of any assay based on this approach may be carried out on site, and during 

transportation. 

 

http://www.abcam.com/index.html
http://meridianlifescience.com/
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7.3. Amplification of a specific property of the target cells. 
   Specific properties may be genotypic or phenotypic. Targeting a surface-expressed 

molecule using an approach as outlined above would allow work to proceed using 

phenotype. However, rather than using the antibody-antigen system to recover cells, it is 

possible to attach a label to the antibody to measure the cells. This generally happens using 

a secondary antibody, which reacts with the primary (Figure 7.1). Labels can include 

fluorescent molecules, for fluorescence-based detection systems, or enzyme molecules. 

Once incubated with the appropriate substrate, the enzyme catalyses a reaction to produce 

a detectable product, thus amplifying the signal.  

 

 

 
 

Figure 7.1. Schematic of an immunological detection system based on a primary 

recognition antibody, that binds to a component of the bacterial cell wall, with a labelled 

secondary antibody that binds to the primary antibody to permit detection. 

 

 

   Fluorescence-based detection systems providing quantitative data often involve 

analysing particles (cells) using microscopy or cytometry. The requirement for these 

instruments may limit on site applications. Enzyme-based detection systems may offer 

more potential for ultimately developing an on site procedure, as the requirement for 

specialist equipment is somewhat reduced. Nevertheless, the signal required to measure 

bacterial cells directly in samples means the detection limits are often too high for this 

approach to be used as a direct assay and there are no reports describing any such 

applications that would meet the detection limits and times required by this project. 

Modifications of the direct immunofluorescence assay described above include the 

enzyme-linked immunosorbent assay (ELISA), which is severely compromised in the 

presence of particulates (Hanai et al., 1997). 

   Bacterial cells produce their own enzymes, and providing a substrate for appropriate, 

species-specific, enzymes is the basis behind the standard fluorogenic and chromogenic 
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media (β-D-galactosidase for coliforms, β-D-glucuronidase for E. coli and β-D-

glucosidases for enterococci) in the presence of appropriate selective agents. 

   Attempts have been made to assay for the activity of these enzymes directly in water 

samples; both presence/absence (Angles d‟Auriac et al., 2000) and quantitatively (Fiksdal 

et al., 1994). Although detection of enzyme activity equivalent to 10-100 cfu/100ml was 

possible for β-D-glucuronidase activity, the β-D-galactosidase enzyme showed reduced 

sensitivity. Modifying the chemical properties of the substrates to alter e.g. autolysis, pKa 

values, solubility (Perry et al., 2006), has improved the methodology for β-D-

glucuronidase, but not for the other enzymes. Combining a selective enrichment with a 

direct assay for enzyme activity shows that culture times of at 18-24h are still required for 

quantification (although confirmation may be achieved simultaneously; Messer and 

Dufour, 1998). Similar data have not been found for β-D-glucosidases in enterococci, as 

the enzyme is widely distributed across many bacterial groups, and thus enterococci cannot 

be directly assayed in this way.  In summary, therefore, using enzymes already present in 

the target bacterial cells is a valuable tool in microbiology, but the approach does not meet 

the criteria for this project. 

   Many alternative targets that offer specificity, and are amenable to amplification, exist at 

the genotypic level. Candidate target molecules are the nucleic acids, as either DNA or 

RNA. The most common form of amplification is the polymerase chain reaction (PCR). 

   There are many aspects to a successful quantitative PCR-based assay for the detection of 

specific bacteria from heterogeneous, environmental samples. These include sample 

preparation, nucleic acid extraction, choice of target gene, and PCR primer design, and 

data processing. Many reviews on the use of PCR in environmental microbiology exist 

(e.g. Toze, 1999). Indeed, the topic has received such attention that more recent reviews 

now focus onto more narrow sub-topics under this general heading.  

   Given the volume of research papers using some form of PCR detection, it is appropriate 

to rationalise for this project. A large number of papers have used standard PCR, followed 

by detection of PCR products using standard agarose gel electrophoresis. Target genes 

have often included those that encode the enzymes used in the enzyme assays described 

above (e.g. the uid gene for β-D-glucuronidase). Targets have included both the structural 

gene (uidA) which encodes the peptide, and also the regulatory region of the gene (uidR) 

which controls gene expression. The two regions do not necessarily perform in the same 

manner (Iqbal et al., 1997). Strains that do not express uidA may still be genotypically 

positive (Feng et al., 1991). Additionally, this type of assay is not quantitative, and thus the 

body of work using such an approach will not be discussed further. Other approaches such 

as in situ PCR (which combines many aspects of the methods described above) also require 

trained staff and a range of instrumentation to perform and subsequently detect target cells 

(Tani et al., 1998). 

   Although often pushed as an answer to environmental testing, PCR can be also be 

criticised as being unable to distinguish active cells from dead cells or extra-cellular DNA. 

This has implications for this work, as detection of DNA from such sources is often cited 

as one reason why counts obtained by PCR exceed those from conventional culture. (Other 

likely explanations include colonies formed by multiple target cells are counted as one by 

plate counts, but as the correct number by PCR; and the presence of cells in a viable-but-

non-culturable state.) It is possible to label, and then later reject or remove, DNA from 

dead cells during PCR detection (Nocker and Camper, 2006). This would, however, have 

to be carried out in a laboratory environment. Other workers have suggested targeting 

RNA, often as mRNA, to reflect viability (Sheridan et al., 1998, del Mar Lleo et al., 2000). 

Data from this approach suggests that there will be considerable methodological issues 

with this approach, due to the nature of mRNA within the cell. Sheridan et al., (1998) 
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examined the effects of different fixation conditions (fixative and storage temperature) 

over time, for three different candidate genes, and demonstrated that viability assessed 

using mRNA targets was affected by both target gene and fixation conditions. Although 

this work was carried out using E. coli, mRNA for one of the target genes (a heat shock 

protein; groES) which degraded the most rapidly – as little as 2 hours - has also been used 

as a detection system for Enterococcus faecium (Lee et al., 2006). Thus a gene showing 

promise as a DNA-based detection system is possibly unsuitable for viability assessment at 

the mRNA level. 

   Other considerations for mRNA detection (rapid degradation, requirement for extra care 

with sterility; ease of contamination) lead towards the suggestion that analysis at the 

mRNA level is not suitable for either on site analysis, or an approach which requires only a 

few hours delay between sampling and analysis. Fixatives for genomics or transcriptomics 

work using mRNA in bacteria are generally very aggressive (Hinton et al., 2004) including 

phenol/ethanol, which would not be acceptable for on site work. 

   Quantitative PCR (qPCR) has been widely examined for the detection and enumeration 

of many types of microorganism from many different environments, including waste 

water, shellfish and natural waters (Lyon, 2001; Brinkman et al., 2003; Guy et al, 2003; He 

and Jiang, 2005). Early reports on the detection of Enterococcus and E. coli by qPCR 

required an overnight enrichment step prior to the assay (Frahm and Obst, 2003). 

Subsequent reports, using the same primer and probe sequences, suggested improved 

detection limits, detecting Enterococcus cells directly from bathing waters without prior 

enrichment (Haugland et al., 2005). The reason for the difference is not commented on by 

Haugland et al., (2005), but clear differences exist in the filtration steps and in a more 

rigorous DNA extraction procedure. Several studies report detection limits which are 

reproducible, robust and applicable within the brief of this project (Table 7.1). Detection 

limits increase considerably in more particulate samples (e.g. 10
3
 – 10

4
 cells spiked into 

soil; Ibekwe et al., 2002). 

 

 

Table 7.1. Example data from published studies using qPCR assays for Enterococcus and 

E. coli.  
_____________________________________________________________________________________________________ 

Target organism  Target gene Ref   Notes 

_____________________________________________________________________________________________________ 

Enterococcus  
   23S rRNA  Frahm & Obst, 2003  Enrichment culture used 

   23S rRNA Haugland et al., 2005 approx 27 cells/reaction
1

 

   23S rRNA He & Jiang, 2005  5 cfu/reaction 

   16S rRNA Santo Domingo et al., 2003 6 cfu/reaction 

Enterococcus faecalis  groeS  Lee et al., 2006  20 copies/100 ml effluent
2

 

 

 

E. coli   uidA   Frahm & Obst, 2003 Enrichment culture used 

   uidA  Lee et al., 2006  60 copies/100ml effluent 

 

_____________________________________________________________________________________________________ 
1
 – numbers of cfu per reaction can be adjusted to estimate detection limits (e.g. 27 cfu per reaction, 1 µl 

volume of DNA template per reaction, 100 µl volume of total DNA extracted from 1l of water would = 

0.27cells/100 ml water)  
2 

- actual detection limits were not directly determined in the study by Lee et al., (2006), but actual numbers 

of target organisms in final sewage effluent were reported 

 

 

   Strong, significant correlations have been reported between the numbers of organisms 

measured by membrane filtration and those measured by qPCR. Haugland et al., (2005) 
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report an overall correlation coefficient of 0.68 over a combined sampling period of 

approximately 100 days at two different sites. Counts obtained by qPCR were on average 6 

and 16 fold greater than the counts obtained by membrane filtration, at the two different 

sites used in the study. Counts were more similar when high numbers of cells were present 

(Haugland et al., 2005). Other studies from the US EPA also report significant correlations 

for Enterococcus (Brenner et al., 2006) and for E. coli (Haugland 2004).  

   This approach thus may meet the majority of the criteria required by this project; 

amenable to on site processing by the sampler, use of transportation time, rapid and 

quantitative. The final goal of a full on site test would be, however, require significant 

effort before becoming a reality. Issues such as effective DNA purification, and the 

requirement for instrumentation, would be significant hurdles, although increasing effort is 

being focused on battery operated, portable PCR machines (ref). 

   However, there are alternative methods of nucleic acid amplification that differ from the 

common approach of PCR in several ways that may be of great interest for an on site test. 

Although a wide variety of enzymes for specific PCR applications are now available, PCR 

often uses a thermostable DNA polymerase enzyme from Thermus aquaticus (Taq), with 

repeated cycles of heating/cooling to achieve amplification. Alternative approaches to 

amplification utilise different enzymes, which have very different properties to Taq. These 

properties include the ability to copy nucleic acids using isothermal (i.e. same temperature) 

incubations, avoiding the need for a thermal cycling.  

   A recent study by Morgan et al., (2007) used an approach called transcription-mediated 

amplification (TMA). TMA, in common with other isothermal amplification procedures, is 

autocatalytic (i.e. able to continue the reaction without the need to modify the reaction 

conditions, including temperature, but also pH, ionic strength, addition of new reagents). 

TMA uses a reverse-transcription enzyme in conjunction with an RNA polymerase to 

produce an RNA amplicon from the target nucleic acid. The target nucleic acid can be 

either RNA or DNA; Morgan et al., (2007) used ribosomal RNA as the target. Thousands 

more ribosomal RNA molecules will be present inside cells than the original rRNA gene 

encoded in DNA, which has the effect of improving detection limits dramatically. 

   TMA requires the reverse-transcriptase enzyme to produce DNA from an RNA target, 

together with an RNA polymerase to produce RNA from a DNA target. Many enzymes are 

complex molecules able to carry out more than one function; reverse-transcriptase is able 

to digest the original RNA template which it uses to produce DNA. Nucleic acid copying is 

targeted and directed using artificial oligonucleotide primers as in standard PCR. RNA 

polymerase requires a specific sequence (promoter) to recognise before polymerisation 

occurs. Thus promoter sequences are also added to TMA primers. These three functions 

(RNA from DNA, DNA from RNA, RNA digestion) allow the TMA cycle to proceed as 

described below and illustrated in Figure 7.2: 

 

1. The promoter primer binds to an RNA target.   

2. The reverse transcriptase enzyme creates a DNA copy of the RNA target.  

3. An RNA:DNA duplex is formed.   

4. The RNAse H activity of the reverse transcriptase enzyme degrades the RNA of the 

duplex. 

5. A second primer binds to the DNA and reverse transcriptase creates a new DNA copy. 

6. The product is a double stranded DNA template, containing an RNA polymerase 

promoter sequence.  

7. The RNA polymerase produces RNA from the DNA template. 

8. 100 to 1000 copies of an RNA amplicon are produced.   
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9. The promoter primer binds to each of the RNA amplicons and the reverse transcriptase 

creates DNA copies.   

10. Further RNA:DNA duplexes are formed.   

 

The autocatalytic cycle can then continue until one factor becomes limiting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2.  Schematic of the TMA cycle (adapted from www.medline.com) . A 

description of the stages is provided in the text. 

 
 

   Other advantages to TMA over PCR include (a) TMA produces an RNA amplicon. RNA 

is easily degraded in the laboratory environment which helps reduce the possibility of 

carry-over contamination; (b) TMA produces 100-1000 copies per cycle, whereas PCR 

produces two copies per cycle. TMA thus allows up to a 10 billion fold increase in target 

sequences within 15-30 minutes. 

   Morgan et al., (2007) detected the products from the TMA process using a fluorescence 

assay. The study used seawater samples spiked with different numbers of target and non-

target species, with a reported detection limit of 10 cfu/100ml. The data demonstrate that 

10 cfu consistently gave a (quantifiable) result, whereas 0 cfu/ml would not (Morgan et al., 
2007). The study did not, however, use actual environmental samples. Some clear possible 

advantages thus exist for this approach over qPCR; use of rRNA as a target means the 

opportunities to detect nucleic acid from a target cell is greatly increased than from genes; 

and the instrumentation is less sophisticated, and thus more robust and less demanding for 

e.g. battery power. The nucleic acid extraction procedure described by Morgan et al., 
(2007) was based on magnetic particle extractions (analogous to the immunocapture 

systems for capturing whole cells described above), and is thus also more amenable to an 

on site procedure. Conversely, however, the detection of the amplified nucleic acids still 

requires a fluorescent assay for quantification, and thus the instrument (a temperature-
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controlled fluorimeter) – although considerably less complex than a qPCR instrument - 

may still be considered a sophisticated machine. 

   An alternative isothermal amplification process to TMA is termed loop-mediated 

isothermal amplification (LAMP). First described by Notomi et al., (2000), the process 

offers further potential than that of TMA. The procedure is a complex one to design, but 

once set up, has demonstrable advantages in specificity over other isothermal amplification 

strategies.  

   The LAMP method uses a set of four specifically-designed primers in conjunction with a 

DNA polymerase that has  strand displacement activity. Strand displacement describes the 

ability of an enzyme to displace downstream DNA that is encountered during the synthesis 

of new DNA. (The ability to deal with downstream DNA during polymerisation is 

common; some polymerases degrade such downstream via exonuclease activity, forming 

the basis of the qPCR TaqMan assay.) The amplification products from LAMP are stem-

loop DNA structures that contain multiple inverted repeats of the target with the ends 

having cauliflower-like structures with multiple loops (Figure 3). Very high (>500 µg/ml 

DNA) are possible. 

   As with all other amplification procedures, the DNA polymerase is targeted by articiail 

oligonucleotides of known sequence. For LAMP, two primers are key; the forward inner 

primer (FIP) and the backward inner primer (BIP). Two outer primers (one forward and 

one backward) are also used. By careful design and by controlling the relative 

concentrations of each primer, the primer hybridisation rates can also be controlled, despite 

the isothermal, autocatalytic conditions. 

   The LAMP process is summarized in Figure 7.3. Primer FIP hybridizes to position F2c 

in the target DNA (Figure 7.3, structure 1), which initiates complementary strand synthesis 

by the DNA polymerisation enzyme, producing a loop at the F end of the template DNA 

molecule (Figure 7.3, structure 2). Primer BIP carries out a similar process at the opposite 

end of the newly synthesised DNA. Both open loops will quickly convert to stem-loop 

structures by self-primed DNA synthesis (Figure 7.3, structure 3). The stem-loop DNAs 

can then act as template for LAMP cycling. The inner primers hybridize to the stem-loop 

DNAs and primer strand displacement DNA synthesis occurs (Figure 7.3, structure 4), 

with multiple intermediate structures. The final products (Figure 7.3, structure 5) are 

mixtures of stem-loop DNAs with various stem lengths and the cauliflowerlike structures 

formed by annealing between alternately inverted repeats of the target sequence in the 

same strand. 
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Figure 7.3.  Schematic of the loop-mediated isothermal amplification process (LAMP), 

adapted from Maruyama et al., (2003). A description of the stages is provided in the text. 

   The above is a simplification of the overall process; the reader is directed to the full 

description by Notomi et al., (2000) for more detail. 

   Thus the LAMP method uses four primer that together hybridise to six target regions of 

the template nucleic acid, providing exceptional specificity.  It is also a very efficient 

amplification method that produces large amounts of DNA very rapidly.  

   The original approach of Notomi et al., (2000) used gel electrophoresis to detect 

amplification products. The same approach was reported by Kato et al., (2007) to detect 

Enterococcus faecalis to enable diagnosis in dental infections, thus a LAMP system for 

Enterococcus exists. In addition, detection using a fluorescence-based assay has been 

demonstrated (Nagamine et al., 2001), meaning that the existing qPCR machines may be 

used to test and validate the assay. However, the specificity of LAMP allows detection to 

without probing the amplification product during or after amplification (as is usual for 

PCR). Additionally, due to the speed of DNA synthesis, high concentrations of 

pyrophosphate ions are produced, which form white precipitates of magnesium 

pyrophosphate. These precipitates have been confirmed as pure magnesium pyrophosphate 

by Mori et al., (2001), and turbidity from the precipitates was shown to allow 

quantification using a turbidimeter (Mori et al., 2004; Thai et al., 2004). This then greatly 

reduces the complexity of the instrumentation and makes the development of an on site test 

more practical. 

   LAMP procedures initially utilised an initial thermal denaturation step prior to a constant 

incubation at 63 – 65 ºC. Nagamine et al., (2001) demonstrated that this initial denaturation 

step was not required. Also of interest here is the study by Kaneko et al., (2007) showing 

that the LAMP procedure was far less susceptible to inhibition than PCR for a range of 

common contaminants in clinical tests.  

   Overall, the speed, specificity, isothermal amplification, and turbidimetric quantification, 

makes the LAMP procedure the most amenable to a rapid, sensitive and quantitative on 

site test procedure out of the options considered. 
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   This review cannot be exhaustive; there are new and alternative approaches described in 

the literature, including detection by cantilevers, electrochemistry, electrorotation, or a 

variety of spectroscopy approaches in conjunction with novel biopolymers (Boisen et al., 
2007; Cha et al., 2003; Hodgson and Pethig, 1998; Silbert et al., 2006). At present, 

however, these do not apparently meet the requirements of this project within an 

acceptable time scale. 

 

Quality Control. 
   Data obtained from the tests, whether on site or completely laboratory based, will clearly 

need to be robust and reliable to provide confidence to remove a pollution warning. As part 

of the current routine work carried out by the National Laboratory Service at Starcross, a 

range of positive and negative controls are regularly used in qPCR testing of water 

samples. It is anticipated that similar controls will be applied to the tests developed for this 

work. This has implications for on site testing, as multiple assays will be required to 

produce an answer. The instrumentation required will thus need to be able to process at 

least 6 sample tubes to include suitable QC tests.  

   Once data are produced, it is anticipated that the control data will be confirmed as falling 

within acceptable limits for contamination, inhibition, and amplification efficiency. 

Reference tables will thus be required. 

 

Data reporting/Communication. 
   The final step in the process will be to interpret (also part of QC) the result and take 

appropriate action. The action will depend on the stage of the project, the speed of the 

overall process and the result. For the majority of the project, it is presumed that the 

analytical procedures will be carried out at Starcross. Depending on the time of sampling 

and travel time, it may be possible to advise staff that the pollution warning can be lifted 

the same day. It would seem prudent to establish a line of communication, and to telephone 

as well as email appropriate staff in the region/area.  

   If the target of developing an assay that can be carried out on site is achieved, then 

clearly staff will need to know what action to take, and where to cascade the information. 

Assuming that every stage, from sample through to data reporting, can be achieved on site, 

the result should be ready within 2-3 hours. This means that samples taken early in the 

morning can be re-tested should the first sample fail, with the second test completed within 

the same day. Regardless, it may still be a recommendation that samples will still be 

collected for standard (i.e. membrane filtration) analysis, and for a DNA extraction to be 

carried out and archived in the laboratory. This would serve as confirmation and as 

reference material should the on site test result be questioned at a later stage. 

 

Recommendations. 
   The above review has identified the two major elements for the successful development 

of the assay to be the pre-analytical processing and the analytical stages. Other steps in the 

chain, although important, are under a degree of control, generally with clearly identified 

steps to ensure efficiency (e.g. staff training, standard operating procedures, 

communication protocols). 

   The degree of pre-analytical processing that can be carried out on site is of great 

importance, and should be a major focus of the developmental work. Single-use 

filtration/concentration devices are now available, and will be tested for ease of use and for 

effectiveness using clean and particulate samples. Extra consideration should be given to 

ease of use in an on site environment, including the equipment and power supply 

requirements.  
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   Effective DNA extraction procedures are now widely available, and in routine use by the 

NLS at Starcross. However, these can be modified to include magnetic-particle based 

capture systems for specific nucleic acids (i.e. Escherichia coli and Enterococcus 

chromosomes). This approach should be validated for two reasons; firstly to reduce the 

equipment needs of an on site test (e.g. magnetic capture requires no power, centrifugation 

or vacuum), and secondly, to confirm the effective removal of enzyme inhibitors. 

   If it proves unlikely that on site DNA extraction will be achieved, the ability to add 

temperature-independent stabilisation or lysis buffers to sample concentrates prior to 

transportation should be investigated, as this would reduce processing time at the 

laboratory. 

   The analytical stage should be developed in two ways. It is important that some form of 

useful assay is developed, regardless of whether it can be achieved on site. (Indeed it is 

very unlikely that an on site test will be developed during this project; what may be 

achieveable however, is an analytical process that can be taken forward towards an on site 

test.) Thus it is suggested that qPCR assays for the enterococci and for E. coli be developed 

using existing instrumentation. Initial work has shown that the tests are likely to be useful 

(Figure 7.4) although correlations between qPCR and membrane filtration will need careful 

evaluation. 

   Alongside the standard qPCR assays, it is proposed that a LAMP assay also be developed 

and tested. At least one published protocol, including primer sequences, is available (Kato 

et al., 2007) for Enterococcus faecalis. Similar assays for the non-group 1  Enterococcus 

species (i.e. E. faecalis, faecium, durans  and hirae, among other species) should be 

investigated. LAMP assays for E. coli have been reported (Song et al., 2004), but these 

targeted specific pathogenicity genes. A more general assay will be required to detect a 

representative range of E. coli strains. However, a large amount of sequence information is 

freely available for E. coli and candidate genes are already known; thus this has a good 

chance of success.  
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Figure 7.4. Detection range of Enterococcus faecalis using the groES gene with a standard 
TaqMan reporter qPCR assay after the method of Lee et al., (2006). Similar data exist for the E. 
coli detection system using the uidA gene. 

 

 

   If successful, the LAMP assays can be assessed on existing instruments, using 

fluorescence detection, and then further using spectrophotometry and turbidity. The assays 

should then be tested in parallel with the Q0-PCR and membrane filtration tests. 

   This dual approach aims to ensure a usuable method is established and fully evaluated, 

with the possibility of also establishing a similar method which could be taken further 

towards a complete, robust, on site assay with a test time of only a few hours. 
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