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Objective

Contaminated water from environmental sources may facilitate transfer of E. coli O157:H7 to food. The objective of this study was to develop an Antimicrobial 
Incorporated Multi-Angle Light Scattering (ANIMALS) based assay for rapid detection of viable E. coli O157:H7 in environmental water. Appropriate E. coli O157:H7 

1 2 3 and Salmonella enterica serovar Typhimurium isolates were seeded into individual 50 ml water samples at several concentrations (10 , 10 , 10 CFU/ml). The samples 
were subjected to immunomagnetic separation (IMS) using E. coli O157 specific IMS beads. Following IMS and wash steps, the beads (with any bacteria attached) 
were resuspended in 1 ml of lambda diluent, and one half (500 ìl) of each sample was added to 10 mls of tryptic soy broth (TSB) that contained 1 ml of a 37 

10bacteriophage cocktail (10  PFU/ml). The other half of the samples were added to TSB that did not contain the cocktail and these samples served as controls. The 
samples were incubated for 6, 10, and 15 hours. Following incubation, 100 ìl aliquots were removed from each sample, and separately assayed using a SpectraPoint 
light scattering spectrometer. MALS spectra were generated for each sample. An algorithm was developed to evaluate the area under the curve of each spectra, and 
mean values were obtained from each spectra (test and control). Differences between the means of the test and control samples were used to determine a positive 

0or negative test result. E. coli O157:H7 was detected in all samples that contained this pathogen within 6 hours. For example, as few as 10  CFU/ml of E. coli O157:H7 
was detected within 8 hours. In contrast, the samples that contained S. Typhimurium were consistently negative. These results demonstrate the ability of ANIMALS to 
detect viable bacterial cells, following phage infection. When coupled with IMS, this method may be applied to the rapid and sensitive detection of viable E. coli 
O157:H7 in water from environmental sources.

The objective of this study was to use E. coli-specific bacteriophages in conjunction with MALS to develop an assay for rapid detection of viable E. coli O157:H7 in 
irrigation water.

Figure 2. Bacteriophage Ar1.  The bar = 100nm.

For pure culture experiments, overnight cultures of E. coli O157:H7 and Salmonella enterica serovar Typhimurium (negative control) were grown on two separate 
Tryptic Soy Agar (TSA) plates at 37°C from seed stocks stored at -80°C.  Broth cultures were produced by inoculating tubes containing 10mls of Tryptic Soy Broth (TSB) 
with colonies from the overnight agar plates followed by incubation at 37°C with shaking at 250 RPM overnight.  Serial dilutions (10-fold) in 5ml of lambda diluent 
were made to determine the concentration of the overnight cultures.

0 1 2 3 4The dilutions containing 10 , 10 , 10 , 10  and 10  CFU/ml were selected.  A 10% (1/10) dilution of the S. Typhimurium culture was also prepared as a control.  Then, 
40µls of E. coli O157:H7 immuno-magnetic separation (IMS) beads (Invitrogen, Carlsbad, CA) were added to each selected E. coli O157:H7 dilution and also to the S. 
Typhimurium sample.  The tubes were incubated at 37°C with shaking for 15 minutes to allow the beads to attach to any available cells.  

Following incubation, a magnet was applied to the tubes to capture the IMS beads and the liquid was discarded, retaining the beads and any attached bacteria.  
The beads were washed three times using 1ml of Phosphate Buffered Saline (PBS) with 0.1% Tween 20 solution by applying a magnet to retain the IMS beads and 
discarding the liquid between each wash.  After washing, the beads were re-suspended using 1ml of TSB.  Then, half of the contents (500µls) of each sample were 
added to separate paired sample tubes, each containing 10mls of TSB, to serve as test and control samples.  Finally, 1ml of the bacteriophage Ar1 (Figure 2), which 
infects  E. coli O157:H7 (Goodridge et al. 2003) was added to the test samples, while 1ml of lambda buffer was added to the control samples.  The samples were then 
incubated at 37°C with shaking for 15 hours.  For each dilution, each experiment was completed 10 times, with three replicates per experiment.  The assay 
methodology is shown in Figure 3.

For environmental samples, procedures were conducted as described above with the following exceptions: a) A three strain cocktail of E. coli O157:H7 was used to 
0 3 inoculate 50ml samples of river and reservoir water at 10  to 10 CFU/mL with uninoculated water samples serving as controls. b) A 37 phage cocktail was used for 

detection. c) Incubation was conducted at 42°C in TSB + 20mg/mL Novobiocin. 

One hundred readings per angle were obtained from each sample. Following addition of the phage, changes in MALS intensity were expressed as the ratio of the 
scattering intensity between phage treated and reference samples. Means and standard deviations for ratios were calculated and plotted.  Spectra from the first 3 
degrees were collected and analyzed because they provide data about the cell as a whole and are thus most consistent with the mechanism of action of 
bacteriophages, which lyse bacterial cells causing scattering intensity changes in the low forward scattering angles indicating a loss of structure (Figure 8).  Statistical 
analysis was conducted using the two-way ANOVA function on the SAS statistical program with an á= 0.05.  Statistical analysis yielded significant differences between 
samples containing E. coli O157:H7  from those containing E. coli O157:H7 and AR1 with p < 0.001, but not between phage treated and non-treated controls  p = 0.69. 

Figure 8. (A) Typical spectra of a positive test sample containing E. coli O157:H7 to which phage has been added.  
The lysis of the bacterial cells causes a difference in the scattering intensity of the test sample when compared to 
the reference in which the E. coli O157:H7 cells were allowed to grow unobstructed.  The presence of intact cells in 
the reference samples increases the scattering at the low angles and produces lower values when compared to the 
less refractive test sample.  In Figure 8 (B and C) There is no difference in the scattering intensities of the test and 
reference samples because there is either no cell growth (Panel B) or because there is unobstructed cell growth in 
the case of S. Typhimurium (Panel C) being non-susceptible to infection by the bacteriophage.  

Agricultural practices (e.g. cattle production) can contribute in the contamination of water and soil in the environment with Timely and sensitive 
detection of E. coli O157:H7 in irrigation water and wash water can positively impact microbial safety of fresh produce. These result showed that MALS  combined with 
bacteriophages can be effectively used to accurately detect small numbers of E. coli O157:H7 in environmental water samples against a high background of competing 
microorganisms, following IMS and brief enrichment. The assay developed here has great potential to be adapted for detection of other bacterial pathogens with slight 
modifications. 

E. coli O157:H7. 
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0 1 2 3 4Figure 3.  A. Starting with a sample, 10% serial dilutions of E. coli O157:H7 were  prepared and selected to contain 10 , 10 , 10 , 10  and 10  CFU/ml.  B. 40ìl of E. coli O157:H7 IMS beads were added to each tube and allowed to 
incubate for 15 minutes at 37°C with shaking.  The magnified image shows the process by which bacterial cells were captured by the IMS beads and separated using a magnet.  C.  Once separated and washed, the beads and 
attached cells were re-suspended using 1ml of Tryptic Soy Broth.  D.  The samples were split into test and controls, and 500ìl from each sample were added to each tube pair containing 10mls of Tryptic Soy Broth.  Then the test 

10samples received 1 ml of bacteriophage AR1 (10 PFU/ml) while the controls received 1ml of lambda buffer.  The samples were allowed to incubate for 15 hours at 37°C with shaking.  During the incubation, the bacteriophages 
in the test sample will inhibit the growth of any viable E. coli O157:H7 cells present.  In contrast, the E. coli O157:H7 cells in the control sample will grow.  The difference between the LLS spectra between the test and control 
samples (Figure 5) at low angles is used to determine the presence of the target bacteria.  Following incubation, each sample was analyzed using a SpectraPoint Light Scattering Spectrometer by the (Spectra Digital).  All 
experiments were conducted in triplicate.

A.                              B.                     C.                  D.                            E.

Figure 4. The SpectraPoint Light Scattering Spectrometer.  The device consists of a laser, a cuvette well and a diode array 
connected to a computer.   To the right is the disposable eppendorf optical cuvette used with the device.

The samples were analyzed in triplicate using LLS by placing 100µls of each sample in a disposable single use cuvette (Eppendorf AG, Hamburg, Germany) and 
placing it in a SpectraPoint Light Scattering Spectrometer (Spectra Digital Corporation, Guelph, Ont., Canada) (Figure 4).  Results were transmitted automatically to 
the Spectra Digital Co. via File Transfer Protocol (FTP) for initial analysis and graphing. Turbid samples were confirmed using lateral flow devices (LFD) specific for        
E. coli O157:H7.
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Figure 1. The MALS method.  As an infrared (high wavelength) light passes through an object, in this case cells in suspension,
passes through the object. The diode array records the intensity as a function of angle (Deshpande et al. 1992).  The data is stored and then analyzed using 
algorithms carried out on a computer. 
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Figure 9.  The means and standard deviations for the difference in scattering intensity ratios between test and 
reference samples.  Means higher than 3X the standard deviations of the control were considered positive. It can 
be easily discerned that positive test samples have considerably higher scattering intensity ratio differences than 
negative control samples. 
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Figure 7. A range of concentrations of a three strain cocktail of E. coli O157:H7 were evaluated for detection via MALS following IMS concentration and selective enrichment. Unambiguous detection was possible after 
only 8 hours for all concentrations. Turbidity could visually observed in non-phage treated samples at the end of incubation, while phage treated samples remained clear. 

Figure 5. Overnight culture results of filtered irrigation water showing 
3

growth of 10  CFU/mL of diverse background microorganisms.
Figure 6. LFD positive 
for E. coli O157:H7.
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Figure 10.  This figure shows detection of E. coli O157:H7 in irrigation water via MALS. The means and standard 
deviations for the difference in scattering intensity ratios between test and reference samples at 4, 6, 8 and 10 
hours are shown.  Means higher than 3X the standard deviations of the control were considered positive. It can be 
easily discerned that positive test samples have considerably higher scattering intensity ratio differences than 
negative control samples. Detection for all concentrations was possible after only 8 hours of enrichment. Identical 
results were obtained for spiked river water samples (data not shown).

0

0.5

1

1.5

2

2.5

E. coli O157:H7 10e0

E. coli O157:H7 10e1

E. coli O157:H7 10e2

E. coli O157:H7 10e3

controls

0

0.5

1

1.5

2

2.5

E. coli O157:H7 10e0

E. coli O157:H7 10e1

E. coli O157:H7 10e2

E. coli O157:H7 10e3

controls

0

0.5

1

1.5

2

2.5

E. coli O157:H7 10e0

E. coli O157:H7 10e1

E. coli O157:H7 10e2

E. coli O157:H7 10e3

controls

0

0.5

1

1.5

2

2.5

E. coli O157:H7 10e0

E. coli O157:H7 10e1

E. coli O157:H7 10e2

E. coli O157:H7 10e3

controls

4 hrs 6 hrs

8 hrs 10 hrs

Juan Carlos León, Bledar Bisha and Lawrence Goodridge


	Page 1

