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A B S T R A C T   

Fresh-cut leafy greens are washed in water with antimicrobials such as free chlorine to mitigate risk of pathogen 
cross-contamination. Validation of the process in a commercial setting poses challenges, including the identifi-
cation of effective surrogates that can be used directly on the processing line during commercial operation. The 
objective of this study was to evaluate the use of an abiotic, DNA-based indicator as a potential surrogate for 
Escherichia coli O157:H7 during the washing of spinach. E. coli O157:H7 and DBAS (DNA barcode abiotic sur-
rogate) were inoculated onto spinach leaves and washed in water with free chlorine. E. coli O157:H7 and DBAS 
populations were enumerated by selective plate counting or qPCR, respectively, and by laser scanning confocal 
microscopy. DBAS displayed high sensitivity to free chlorine at concentrations ≥12.5 mg/L, similar to concen-
trations commonly used in leafy green washing. Linear regression analysis indicated that inactivation of E. coli 
O157:H7 and DBAS had comparable inactivation responses (R2 = 0.76). Microscopy analysis also showed similar 
rates of decontamination between the two analytes from the surface of spinach. These results show that DBAS is a 
promising abiotic surrogate for onsite validation of antimicrobial processes targeting foodborne pathogens such 
as E. coli O157:H7 on fresh produce.   

1. Introduction 

In the United States, consumption of minimally processed leafy 
greens has been on the rise, with twice the number of people consuming 
spinach and quadruple the number of people consuming romaine lettuce 
today compared to 1986 (Astill et al., 2020; U.S. Department of Agri-
culture. Economic Research Service, 2019). Unfortunately, there has 
also been an increase in foodborne illness outbreaks associated with 
contaminated leafy greens since the first identified outbreak in 1988 
(Astill et al., 2020; Berger et al., 2010; Jung et al., 2014; Kintz et al., 
2019). In the United States, over half of produce-related foodborne 
illness outbreaks are associated with contaminated leafy greens, and 
shiga-toxin producing Escherichia coli is the second most associated 
foodborne pathogen with leafy green outbreaks, right behind Norovirus 

(Machado-Moreira et al., 2019; Painter et al., 2013). Two notable out-
breaks include the E. coli O157:H7 outbreak associated with bagged 
spinach in 2006, which resulted in 199 reported illnesses, and the 2018 
romaine lettuce outbreaks, which in total culminated in 376 reported 
illnesses (Astill et al., 2020; Centers for Disease Control and Prevention, 
2006; UU.S. Food and Drug Administration, 2018a, 2018b). 

Alongside increased consumption, modifications in harvesting, pro-
cessing, and distributing leafy greens have been implemented in order to 
maximize production yields (Astill et al., 2019). Current Good 
Manufacturing Practice, Hazard Analysis, and Risk-Based Preventive 
Controls for Human Food (21 CFR 117) require food facilities to analyze 
potential hazards unique to each facility, and implement preventative 
interventions to minimize these hazards (U.S. Food and Drug Adminis-
tration, 2020). The FDA requires the effectiveness of these preventative 
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interventions at controlling identified hazards be assessed through 
process validation. 

Fresh-cut produce processors utilize washing to remove debris, plant 
exudates, and potential pathogens. In the case of fresh-cut leafy green 
washing, antimicrobials such as hypochlorous acid (free chlorine) are 
added to wash water and serve as a preventative control as their 
incorporation has been found to reduce bacterial load on produce and 
minimize cross-contamination of pathogenic bacteria during the 
washing process (Gil et al., 2009; Gombas et al., 2017; Luo et al., 2011). 
Though often challenging in implementation, validating the efficacy of 
antimicrobial interventions in wash water at preventing 
cross-contamination is critical for ensuring the integrity of the process. 

As each food facility has unique equipment and associated produce 
washing systems, the FDA recommends employing on-site measures to 
validate each individual wash line through the use of surrogates. A 
surrogate is described as a marker, most commonly a non-pathogenic 
organism, that responds to a treatment in a similar way to a patho-
genic organism (Hu & Gurtler, 2017). Typically, a microorganism with 
an appropriate selective marker and demonstrated similarity in growth 
characteristics and tolerance to antimicrobial treatment to the target 
pathogen is used as a surrogate, such as Enterococcus faecium NRRL 
B-2354, used as a surrogate for Salmonella in the thermal inactivation of 
almonds (Kopit et al., 2014). Unfortunately, the washing of fresh-cut 
leafy greens does not employ a definitive ‘kill-step’ such as thermal 
inactivation, and as such introducing foreign surrogate microorganisms 
into a facility raises significant food safety concerns (Gombas et al., 
2017). 

Because of the need for safe surrogates to aid in validation of process 
controls associated with produce washing despite the lack of a kill-step 
being associated with the process, abiotic materials, such as DNA-based 
indicators, are appealing options as surrogates for pathogenic microor-
ganisms (Harvey et al., 2017; Ovissipour et al., 2019; Zografos et al., 
2017, p. 731). Using encapsulated DNA in place of living organisms has 
many advantages, such as rapid detection and substance stability, but 
specific criteria must be met for them to be deemed as rational and 
reliable surrogates. In this study, a novel abiotic surrogate was evaluated 
for its suitability as a surrogate for E. coli O157:H7 within the context of 
leafy green washing. This abiotic surrogate, composed of DNA bar-codes 
encapsulated in a non-toxic, ‘Generally Recognized as Safe’ (GRAS) 
certified carrier matrix, henceforth referred to as DBAS (DNA Barcode 
Abiotic Surrogate), was tested against criteria previously described in 
the associated literature for the determination of effective surrogates 
(Busta et al., 2003; Hu & Gurtler, 2017; Rolfe, 2016; Shazer et al., 2017; 
Sinclair et al., 2012). Specifically, we evaluated the ability of this sur-
rogate candidate to be transferred from contaminated leafy greens into 
wash water (hereafter termed decontamination) as well as its relative 
sensitivity to inactivation by the wash water antimicrobial free chlorine. 
Spinach was utilized as the leafy green commodity to evaluate DBAS as a 
potential surrogate for E. coli O157:H7. 

2. Methods 

2.1. DBAS free chlorine sensitivity and inactivation kinetics 

DNA Barcode Abiotic Surrogate (DBAS) was provided by SafeTraces 
Inc. (Pleasanton, CA) as preformulated powder. A working suspension 
was prepared by hydrating 500 mg of DBAS powder in 50 ml of absolute 
ethanol (Thermo Fisher Scientific), which was followed by vortexing 
rigorously for 5 min and further diluting 1:10 in sterile deionized water 
(SDW) to achieve a concentration of 1 mg/ml of DBAS. 

Wash water was prepared by incrementally adding sodium hypo-
chlorite (5.75% active ingredient; Clorox, Oakland, CA) to sterile 
deionized water (SDW) to target concentrations of free chlorine (0, 5, 
15, 50, and 100 mg/L) depending on the requirements of the experi-
ments. The free chlorine solutions were adjusted to pH 6.5 using acetic 
acid as an acidulant. Free chlorine concentrations were measured by the 

DPD (N,N-diethyl-p-phenyldiamine) method, using a colorimetric 
photometer (H.F Scientific, Fort Myers, Fl). 

For determining sensitivity of DBAS to free chlorine, a solution of 
100 mg/L free chlorine was prepared as above and serially 2-fold diluted 
to achieve free chlorine concentrations of 50, 25, 12.5, 6.25, 3.13, 1.56, 
and 0.78 mg/L. DBAS suspension (100 μl at 1 mg/ml) was mixed with 
900 μl of each of the free chlorine concentrations, along with SDW 
control, for 1 min, and then immediately neutralized with 10 μl of 10% 
sodium thiosulfate. For determining the kinetics of inactivation, DBAS 
suspension (100 μl at 1 mg/ml) was mixed with 900 μl of either 5 mg/L 
free chlorine solution or SDW as above in multiple aliquots (one aliquot 
for each pre-defined timepoint: 0, 1, 2, 5, 10, 20, 40 min) and incubated 
at room temperature. At each timepoint, free chlorine was quenched for 
individual aliquots with 10 μl of 10% sodium thiosulfate. The “surviv-
ing” DBAS is then quantified using real-time qPCR as described below in 
2.3. 

2.2. Spinach inoculation and washing 

E. coli O157:H7 strain RM4407, an isolate from spinach (Luo et al., 
2009), was previously transformed with a GFP expressing plasmid 
including an ampicillin resistant selective marker (Xiao et al., 2014). For 
inoculum preparation, overnight E. coli culture grown in Tryptic Soy 
Broth (TSB; BD, Franklin Lakes, NJ) supplemented with 100 μg/ml 
ampicillin was harvested by centrifugation at 4500 g for 5 min, washed 
once in SDW, re-suspended in SDW, and diluted to OD600 0.35 (~8 log 
CFU/mL). DBAS inoculum was prepared as described in 2.1. 

Bagged baby spinach was purchased at local supermarkets. Only 
intact leaves without visible blemish were utilized for inoculation. E. coli 
O157:H7 (100 μl as prepared above) and DBAS (100 μl as prepared 
above) were inoculated onto separate 5 g portions of spinach in ten 10 μl 
droplets. After air drying in a biosafety cabinet for 30 min, the portions 
of E. coli O157:H7 inoculated spinach and DBAS inoculated spinach 
were combined to form a single 10 g spinach sample used for ensuing 
experimental wash treatments. For each washing, the combined E. coli 
O157:H7 inoculated and DBAS inoculated spinach sample (10 g) was 
washed in 200 ml of wash water with targeted free chlorine concen-
tration (0, 15, or 50 mg/L) in a 16 oz sterile glass jar for 1 min. The wash 
water was manually agitated with a pair of sterile disposable chopsticks 
by circular motions at approximately 60 RPM/min while maintaining 
full submersion of spinach leaves. The treatments were carried out in 4 
independent replications in each of two experiments. 

2.3. Enumeration of E. coli O157:H7 and DBAS 

Washed spinach (10 g) was collected in a Whirl-Pak bag with 0.3 mm 
filter (Nasco, Fort Atkinson, WI) containing 50 ml of phosphate buffered 
saline (PBS, pH 7.2, Thermo Fisher Scientific) supplemented with 0.1% 
sodium thiosulfate, and stomached using a Bag Mixer Lab Blender 
(InterScience Laboratories Inc., Woburn, MA) for 2 min. The spent wash 
water was also quenched of free chlorine with 250 μl of 10% sodium 
thiosulfate. Aliquots (2 ml) of spinach rinsate and spent wash water were 
used for both microbial (for E. coli O157:H7) and qPCR (for DBAS) 
quantification. 

Selective plate count was used for enumeration of E. coli O157:H7. 
Spinach rinsate or wash water sample was diluted in PBS, and 100 μl was 
plated in duplicate onto MacConkey agar supplemented with 100 μg/ml 
ampicillin. Plates were incubated for 24 h at 37 ◦C, and colonies were 
counted using a Flash and Go (IUL, Barcelona, Spain) automatic colony 
counter. The calculated E. coli O157:H7 detection limits were 1.7 log 
CFU/g for spinach samples and 1.0 log CFU/ml for wash water samples. 
For DBAS enumeration, 200 μl of spinach rinsate or water was loaded on 
a DNA clean-up spin column (NucleoSpin® Gel and PCR Clean-up, 
Macherey-Nagel, Düren, Germany), and the DNA eluted in 20 μl of 
elution buffer. The eluted DNA (2 μl) was mixed with SafeTraces Inc. 
proprietary forward and reverse primers (2 μM each), specific probe (1 
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μM), passive reference dye ROX, and water to a volume of 10 μl, and 
mixed with an equal volume of 2X PrimeTime qPCR Master Mix (IDT, 
Coralville, IA) in a 96-well plate. Amplification of short (80–100 bp) 
DNA sequences specific to DBAS was performed using a Mx3005P QPCR 
system (Agilent technology Inc. Savage, MD), using the following ther-
mal setup: an initial hold at 95 ◦C for 1 min, followed by 40 cycles of 1 s 
at 95 ◦C and 20 s at 60 ◦C. Standard curves were generated with every 
qPCR run by using 10-fold serial dilutions of the DBAS inoculum sus-
pension. Detection limits were calculated based on the standard curves 
generated from 10-fold dilutions DBAS in water, with the last quantified 
dilution representing the limit of detection for each dataset. 

2.4. Laser scanning confocal microscopy 

Four spinach leaves were selected and each marked with two 0.5 ×
0.5 cm adjacent areas on the abaxial surface, which were inoculated 
with 10 μl E. coli O157:H7 (8 log CFU/ml) and DBAS (1 mg/ml) in-
oculums, respectively. The inoculated leaves were combined with un-
inoculated leaves to constitute a 10-g sample of spinach, and washed as 
described in section 2.3. After wash, the inoculated leaves were isolated 
and gently rinsed with 10 ml SDW, and allowed to dry in a biosafety 
cabinet for 10 min. The inoculated areas were excised, and mounted 
inoculated side down on a coverslip in a 35 mm glass bottom culture 
dish (MatTek, Ashland, MA) with ProLong® Diamond Antifade Mount-
ant (Thermo Fisher Scientific). Samples were incubated for 24 h in the 
dark at room temperature to allow for the mountant to cure before 
imaging. 

The samples were observed using a Zeiss LSM710 laser scanning 
confocal microscope (LSCM) system with Axio Observer™ (Thornwood, 
NY) inverted microscope and 63×1.4 NA Plan-Apochromat objective. 
Excitation wavelengths of 405 nm and 488 nm were used, with corre-
sponding filter sets for emission spectra of 410–483 nm (DBAS) and 
495–602 nm (E. coli O157:H7-GFP). A pin hole of 33 μm was used for all 
imaging. Zeiss Zen 2012 Pro software was used to obtain z-stack images 
to produce maximum intensity projections. For quantification, Fiji 
ImageJ was used to determine the area of the E. coli O157:H7 or DBAS 
on the leaf surface obtained from maximum intensity projections, as 
described in Monier and Lindow (2003) and Monier and Lindow (2004). 
Briefly, images were first thresholded to the same pixel intensity to 
separate background noise, and then the resulting image was converted 
to a binary image, area was measured for particles larger than 0.1 μm, 
and the sum of all particle areas was used to determine decontamination 
from spinach leaf in response to wash treatment. 

2.5. Statistical analysis 

The sensitivity of DBAS to free chlorine, as a dose-dependent rela-
tionship, was modeled as a descending quadratic function for the lowest 
concentrations, and as unchanged beyond 11.5 mg/L (a piecewise 
regression model). The degradation of DBAS over time after storage in 5 
mg/L free chlorine was modeled as an exponentially decreasing func-
tion, and the concentration of DBAS over time in 0 mg/L free chlorine 
was modeled as its mean of y = 2.98 (i.e. no change due to time). These 
functions were selected based on visual examination of the patterns of 
data. Data from the free chlorine trials were analyzed using R 3.6.3. (R 
Core Team, 2020). Linear regression analysis was used to predict enu-
merations of E. coli O157:H7 from DBAS, including prediction limits. 
Data obtained on produce samples by plate count (E. coli O157:H7) and 
qPCR (DBAS) enumeration were transformed with a Box-Cox trans-
formation (λ = 0.09); the few numbers classified as below the limit of 
detection were removed. One-way ANOVA analysis was also performed 
to determine the effect of free chlorine treatment on populations of 
E. coli O157:H7 and DBAS, with post-analysis of means using the R 
emmeans package (Lenth, 2019). We used the same data (and trans-
formation) as that used for the linear regression. Data from the micro-
scopy trials were log-transformed (optimal Box-Cox transformation, λ =

0) and analyzed the same way as for the free chlorine trials. Residuals 
from one-way ANOVA analysis satisfied normality and homogeneity of 
variance assumptions. 

3. Results 

3.1. DBAS free chlorine sensitivity and inactivation kinetics in aqueous 
solution 

An effective surrogate should have comparable susceptibility to 
inactivation by a relevant treatment as the targeted organism. To 
determine its sensitivity to free chlorine, DBAS was exposed to wash 
water with various concentrations of free chlorine up to 100 mg/L and 
subsequently quantified by qPCR. Fig. 1A shows the quantification of 
DBAS after 1 min of exposure to controlled free chlorine concentrations. 
The inactivation of DBAS followed a piecewise regression model, in 
which two distinct lines with very different slopes joined together at a 
particular breakpoint (Toms & Lesperance, 2003). In this case, that 
breakpoint is at 11.5 mg/L free chlorine, because at all greater con-
centrations of free chlorine, the inoculated DBAS was undetectable by 
qPCR enumeration (having registered Ct value higher than what is 
accounted for on the associated standard curve; LOD concentration: 0.16 
log ng/mL), which also amounted to a ≥3 log reduction in DBAS. 

Fig. 1B shows the kinetics of DBAS decay in wash water with 5 mg/L 
initial free chlorine over 40 min. These results were compared to the 
kinetics of DBAS decay in SDW over the same time course. Over the 40- 
min span, DBAS concentration remained unchanged in SDW, whereas a 
similar piecewise trend was observed as DBAS decayed in free chlorine. 
DBAS inactivation occurred steeply within the first minute of exposure 
(1.7 log reduction), after which detection of DBAS continued to steadily 
drop until the estimated breakpoint at around 26.21 min of exposure. At 
the final timepoint of 40 min, DBAS was undetectable by qPCR 
enumeration. 

3.2. Inactivation of E. coli O157:H7 and DBAS on spinach by washing 

Spot inoculation resulted in initial inoculation concentrations of 
5.41 ± 0.11 log CFU/g and 4.73 ± 0.04 log ng/g on spinach for E. coli 
O157:H7 and DBAS, respectively. Populations of both E. coli O157:H7 
and DBAS recovered from spinach after wash treatment are described in 
Table 1. 

Washing in 0 mg/L free chlorine resulted in reductions of 1.05 and 
1.27 log for E. coli O157:H7 and DBAS, respectively, and for both, these 
reductions were significantly different from unwashed populations (p <
0.03 for E. coli O157:H7 and p < 0.001 for DBAS). When washed in 
chlorinated wash water, E. coli O157:H7 and DBAS also showed similar 
inactivation on spinach surface. Both analytes showed >99% reduction 
after wash in the presence of free chlorine, and population reductions 
did not significantly differ between the two free chlorine concentrations 
tested (15 vs. 50 mg/L, p = 0.87 and p = 0.99 for E. coli O157:H7 and 
DBAS, respectively). 

Overall, the quantitative recovery of E. coli O157:H7 and DBAS from 
spinach were correlated (Pearson’s correlation coefficient r = 0.85, p <
0.001), as tested wash treatments had a similar effect on the inactivation 
of both from produce surface. Linear regression was used to predict 
E. coli O157:H7 levels using DBAS populations on produce samples 
before and after wash treatments (Fig. 2). The rates of inactivation for 
E. coli O157:H7 and DBAS were linearly correlated (R2 = 0.76, F =
76.83, df = (1, 24), p < 0.0001). This model was used to calculate 95% 
prediction intervals (PI), which could be used to estimate the expected 
range of E. coli O157:H7 levels on spinach at a given observed value of 
DBAS. For example, if DBAS is detected at a level of 3.00 log ng/g, E. coli 
O157:H7 is predicted to be within the range of 1.44–3.18 log CFU/g. 

Detection of E. coli O157:H7 and DBAS in spent wash water after 
spinach wash was also assessed. After wash in unchlorinated wash 
water, E. coli O157:H7 and DBAS were detected in spent wash water at 
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levels of 3.91 ± 0.10 log CFU/ml and 2.81 ± 0.18 log ng/ml, respec-
tively. For both DBAS and E. coli O157:H7, populations detected in spent 
chlorinated wash water were significantly lower than those detected in 
spent unchlorinated wash water (p < 0.05), but there was no significant 
difference between populations detected at 15 or 50 mg/L (p > 0.05). In 
the case of E. coli O157:H7, no enumerable populations were detected in 
15 or 50 mg/L wash water above the limit of detection of 1 log CFU/ml. 
DBAS displayed similar results, with the majority of samples (6/8 bio-
logical replicates for both 15 and 50 mg/L) being detected at a level that 
was lower than the effective limit of quantification (~1 log ng/ml). 
These results concur with those described in Section 3.1, which predict 
that E. coli O157:H7 and DBAS would have similar response to free 
chlorine at concentrations above 11.5 mg/L. 

3.3. Decontamination of E. coli O157:H7 and DBAS from spinach 
visualized through laser scanning confocal microscopy 

Laser scanning confocal microscopy (LSCM) was also used to assess 
the decontamination of E. coli O157:H7 and DBAS from spinach surface 
when washed at different concentrations of free chlorine. Pre- 
experimental testing showed that leaves treated with 50 mg/L or 
higher free chlorine chemically bleached native fluorescent signal 
(chlorophyll A, 633 for excitation, 647–722 for emission). Assuming that 

this bleaching would also occur for bacterial GFP and DBAS fluorescent 
signals on leaf surface, only leaves washed in water and at lower free 
chlorine concentrations (5 and 15 mg/L) were subjected to LSCM. 

Fig. 3 shows maximum intensity projections of z-stacked images of 
fluorescent particles on the surface of spinach before and after wash. 
Imaging of unwashed E. coli O157:H7 and DBAS revealed similarities 
and differences in adherence to the surface of the leaf. Small aggregates 
of E. coli O157:H7 were seen preferentially localized along the grooves 
of leaf epidermal cells, while DBAS was observed as large aggregates 
with indiscriminate placement on leaf surface. Despite disparate quali-
tative adherence characteristics, quantitatively similar levels of adher-
ence, measured as cross sectional area (μm2), were observed for both 
E. coli O157:H7 and DBAS, which agrees with the data from Table 1 that 
showed similar levels of initial unwashed populations of E. coli O157:H7 
and DBAS on spinach as determined by plate count and qPCR enumer-
ations, respectively. Solomon and Matthews (2006) also found initial 
adherence of live E. coli O157:H7 and a non-living fluorescent 

Fig. 1. Dose-dependent sensitivity of DNA barcode abiotic surrogate (DBAS) to free chlorine (A), and kinetics of degradation of DBAS over time after exposing to low 
concentration of free chlorine (5 mg/L) (B). Dotted horizontal line represents the limit of quantification of DBAS (− 0.16 log ng/ml). 

Table 1 
Enumeration of E. coli O157:H7 (ECO157) and DNA-Barcode Abiotic Surrogate 
(DBAS) on spinach and in wash water after washing in chlorinated water.  

Free Chlorine (mg/L) On Produce In wash water 

Target Before 
Wash 

After 
Wash 

ECO157 
(log CFU/ 
g) 

DBAS 
(log ng/ 
g) 

ECO157 
(log CFU/ 
g) 

DBAS 
(log ng/ 
ml) 

NWa NAa NA 5.41 ±
0.11 a 

4.73 ±
0.04 a 

NA NA 

0 NA NA 4.36 ±
0.20 b 

3.46 ±
0.10 b 

3.91 ±
0.10 a 

2.81 ±
0.18 a 

15 15.35 
± 0.78 

14.3 ±
1.15 

1.84 ±
0.44 c 

2.55 ±
0.22 c 

LDLa b 0.46 ±
0.30 b 

50 53.21 
± 1.71 

46.61 
± 3.39 

1.71 ±
0.53 c 

2.57 ±
0.13 c 

LDL b 0.42 ±
0.28 b 

Values are represented as arithmetic mean ± standard deviation for free chlorine 
concentrations, and arithmetic mean ± standard error mean for enumeration of 
E. coli O157:H7 and DNA-Barcode Abiotic Surrogate (n = 8). 
Different lowercase letters in the same column indicate a significant difference 
(p < 0.05) between different free chlorine treatments. 

a NW: No wash control; NA: Not applicable; LDL: Less than detection limit free 
chlorine wash not measured for the tap water used in this experiment (~0 mg/L 
FC) of 1.0 log CFU/ml. 

Fig. 2. Linear regression predictive model of inactivation of E. coli O157:H7 
and DNA barcode abiotic surrogate (DBAS) on spinach after wash treatment. 
Outside dotted lines give the 95% prediction intervals. 
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microsphere on the surface of lettuce to be similar, suggesting that the 
initial process of adherence is a passive rather than an active process. 

After wash in 0, 5, and 15 mg/L free chlorine, fluorescent E. coli 
O157:H7 cells were still most often found along leaf grooves, as well as 
near or around the stomata. In contrast, DBAS aggregates present on the 
leaf before wash dispersed into much smaller particles that were 
randomly scattered across the leaf surface. 

Quantitative analysis of LSCM images was carried out by measuring 
the area of fluorescent bacterial cells and DBAS particles on leaf surface 

before and after wash (Fig. 4). Significant decontamination of both 
E. coli O157:H7 and DBAS were detected on spinach after washing (p <
0.001 for both), with unwashed spinach leaves harboring significantly 
more fluorescent analyte when compared to samples washed in 0, 5, and 
15 mg/L free chlorine (p < 0.02 for E. coli O157:H7, and p < 0.01 for 
DBAS). There were no significant differences for E. coli O157:H7 and 
DBAS decontamination among wash treatments at 0, 5, and 15 mg/L 
free chlorine. 

Linear regression was used to predict E. coli O157:H7 using DBAS 
populations on produce samples before and after wash treatments, 
quantified by microscopy (Fig. 5). Similar to linear regression 
comparing inactivation of the two analytes, comparing decontamination 
of E. coli O157:H7 and DBAS from spinach surface revealed that the two 
have a linear relationship (R2 = 0.70, F = 33.0, df = (1,14), p < 0.0001). 
A 95% PI was calculated from the model, and used to estimate the range 
of predicted E. coli O157:H7 values for any given DBAS value. As an 
example, observing 3.00 log μm2 of DBAS on leaf after wash corresponds 
to a predicted range of 1.45–3.77 log μm2 of E. coli O157:H7 left on the 
spinach leaf after washing. 

4. Discussion 

Surrogates to targeted pathogens are a necessity for validating the 
efficacy of antimicrobial interventions for food processing. For fresh-cut 
produce processing, which uniquely lacks a bona fide kill step, there is a 
strong desire to avoid intentionally introducing any foreign microor-
ganisms into the processing system. This study compared the applica-
bility of a proprietary product composed of barcode DNA encapsulated 
in GRAS carrier matrix (DBAS) as a feasible abiotic surrogate to validate 
the removal and inactivation of E. coli O157:H7 during simulated 
washing of spinach. In comparison to previous abiotic surrogates such as 
fluorescent plastic microspheres, DBAS has several advantages that are 
important for applications in food processing systems. First, it is 
completely made of GRAS substances, which eliminates the risk of 
introducing disallowed substances into food; second, it can be used to 
simulate target microorganisms not only by being physically removed 
under sheer force, but also by being “inactivated” in the presence of 
chemical sanitizer such as free chlorine; and third, the presence of 
barcode DNA in DBAS allows sensitive and near real-time detection of 
this product. 

The stability of DBAS in water and its rapid degradation in wash 
water of various free chlorine concentrations are features mimicking 
that of foodborne pathogens including different Salmonella and enter-
ohemorrhagic E. coli (EHEC) strains (Shen et al., 2013; Zhang et al., 
2015). An exception might be when it was exposed to residual concen-
trations of free chlorine. For example, DBAS was reduced by 26% after 1 
min exposure to 0.78 mg/L free chlorine. While this was consistent with 
DBAS sensitivity to free chlorine, it is important to note that E. coli O157: 
H7, as well as most other bacteria, often display greater sensitivity to 
free chlorine at a similar concentration. It has been shown that free 
chlorine as low as 1.0 mg/L can inactivate Gram negative bacteria such 
as E. coli by up to 5-log within seconds (Rolfe, 2016; Van Haute et al., 
2013; Virto et al., 2005; Zhang et al., 2015). However, DBAS inactiva-
tion in higher levels of free chlorine (≥11.5 mg/L), which are more 
relevant to industry practices for produce washing and hence the 
intended application of DBAS, appeared to be more comparable to the 
trends of bacterial inactivation. 

For E. coli O157:H7, a mechanism of inactivation would be the 
physical destruction of the cytoplasmic membrane and loss of cell-wall 
integrity. However, experimental evidence has shown extensive mem-
brane degradation to only occur at free chlorine concentrations at or 
higher than 50 mg/L (Gu et al., 2020; Virto et al., 2005), while inacti-
vation of bacteria generally occurs following exposure to concentrations 
as low as 0.5–1 mg/L (Rolfe, 2016; Van Haute et al., 2013; Zhang et al., 
2015). This means that cytoplasmic interactions are likely the more 
rapid processes influencing bacterial inactivation in free chlorine, 

Fig. 3. Maximum intensity projections of fluorescent signals detected from z- 
stacked images of E. coli O157:H7 and DBAS on spinach leaf surface. Columns 
show representative images of the two different indicators E. coli O157:H7 
(A–D) and Abiotic Surrogate (E–H), and rows distinguish the concentration of 
free chlorine (FC) the samples were subjected to (Unwashed: A and E; 0 mg/l 
FC: B and F; 5 mg/L FC: C and G; 15 mg/L FC: D and F). All scale bars represent 
50 μm. 
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Fig. 4. Area of E. coli O157:H7 and DNA barcode abiotic surrogate (DBAS) present on spinach detected by Laser Scanning Confocal Microscopy. Error bars represent 
standard errors. 

Fig. 5. Linear regression predictive model of decontamination of E. coli O157:H7 and DNA barcode abiotic surrogate (DBAS) from spinach by wash treatment. 
Outside dotted lines give the 95% prediction intervals. 
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compared to external oxidation (Kinsinger et al., 2017; Van Haute et al., 
2013; Zhang et al., 2015). Some of these interactions may include 
damage to intracellular enzymes, lipid peroxidation, and changes in cell 
permeability (Cho et al., 2010). In contrast, DBAS particles are void of 
lipid bilayer structure, and the carrier matrix is unlikely to have a pro-
tective effect for the embedded barcode DNA. The mechanism of action 
of free chlorine against DBAS is likely exclusively attributed to the 
physical degradation or oxidation of the DNA fragments that make up 
the enumerable portion of the product. However, despite these obvious 
differences, the inactivation kinetics for E. coli O157:H7 and DBAS both 
on spinach surface and in wash water at 15 and 50 mg/L free chlorine 
were comparable. 

Modeling the inactivation of E. coli O157:H7 and DBAS from spinach 
showed that the two have a linear relationship on the log scale, and that 
DBAS could be used to predict of E. coli O157:H7 inactivation by free 
chlorine under produce washing conditions. Additionally, LSCM was 
utilized to compare how the washing process affects decontamination of 
E. coli O157:H7 and DBAS from spinach. These microscopic observations 
corroborated that the relationship between the decontamination of the 
two analytes by washing was linear on the log scale. The use of LSCM for 
quantification purposes was advantageous because it provided a direct 
visualized comparison for the removal of E. coli cells and DBAS particles 
from spinach surface after wash. 

In addition to reducing the potential presence of foodborne patho-
gens on produce, another major objective for incorporating antimicro-
bials into produce wash water is to prevent cross-contamination of 
foodborne pathogens (Gombas et al., 2017). Because this study focused 
primarily on determining the relationship between the decontamination 
and inactivation sensitivity of DBAS and E. coli O157:H7 on produce 
surface and in wash water, these data are not suitable to support 
whether DBAS can mimic E. coli O157:H7 cross-contamination in pro-
duce wash systems. Future evaluations that build on this study will be 
used to explore how the differential kinetics of DBAS and E. coli O157: 
H7 sensitivity to free chlorine influence water mediated 
cross-contamination in produce wash systems. 
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