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The kinetics of the inactivation of Escherichia coli in organic broccoli sprouts by mild heat (MH) and lactic acid
(LA) were investigated. In vitro survival kinetics showed that the cell number decreased dramatically and was not
detectable after 120-135 s under combination treatment. Protein leakage and atomic force microscopy analyses
showed that inactivation of E. coli cells resulted from disruption of the outer membrane by the sanitisers. LA
almost destroyed the outer membrane and induced high protein leakage (3.78-10.75 pg/mL). MH enhanced the
membrane damage caused by LA. The in vivo inactivation and following recovery during storage suggested that

the combination treatment presented a potential inactivation process for organic vegetables or sprouts. Weibull
model with higher R? values (0.66-0.99) best described the in vitro antibacterial kinetics and in vivo recovery
dynamics. Moreover, the metabolic analysis revealed that citrate cycle (TCA) and amino acid metabolism
contributed to the adaptive responses.

1. Introduction

The consumption of fresh organic sprouts has dramatically increased
in recent decades due to the increased consumer awareness of their
nutritive values. Epidemiological studies revealed that the risks of some
chronic diseases and cancers correlate negatively with the consumption
of certain sprout produce (Chen, Zhang, et al., 2019). However, more
foodborne outbreaks associated with fresh organic sprouts have been
reported in recent years, in parallel with increases in organic sprouts
production and consumption. Pathogens, such as Escherichia coli 0157:
H7, Salmonella enterica, and Listeria monocytogenes, are responsible for
these foodborne infections (Harvey et al., 2016). From 1992 to 2014, 18
outbreaks from organic foods (e.g., sprouts produce) were documented,
resulting in 779 illnesses, 258 hospitalizations, and 3 deaths (Ferelli &
Micallef, 2019). Organic fruit and vegetables are even more susceptible
to fecal contamination because of the limited application of chemical
sanitisers (Mukherjee et al., 2004). Therefore, suitable sanitising ap-
proaches for organic sprouts should be identified and applied.

Sanitisers, such as sodium hypochlorite, hydrogen peroxide, organic
acids, and peroxyacetic acid, are widely used to disinfect fruit and
vegetables because of their low cost and effectiveness (Sethi et al., 2020;
Pangloli & Hung, 2013). Nevertheless, strict regulations established by

the United States Department of Agriculture National Organic Program
(USDA NOP) limit the categories and dosages of sanitisers that can be
used during the processing and production of organic fruit and vegeta-
bles (NOP, 2011). The NOP clarifies that the residual chlorine in water
contacted with organic fruit and vegetables should be lower than 4 mg/1.
Therefore, alternative disinfectants that meet the organic processing
standards should be developed.

Organic acids and their salts are weak acids and have been used in
the food industry as additives for years. For instance, acetic acid, lactic
acid (LA), and citric acid, are used to improve the specific volume of
bread (Su et al., 2019). Moreover, these acids are applied as pre-
servatives of meat products (Ben Braiek & Smaoui, 2021). In addition,
the sanitisation effect of organic acids on fresh fruit and vegetables has
been widely studied (Yoon & Lee, 2018). For example, soak treatments
with lactic (5%, v/v) and acetic acids (5%, v/v) resulted in reductions in
the numbers of E. coli 0157:H7 inoculated in alfalfa seeds by 3.0 and 2.4
log CFU/g, respectively, before sprouting (Lang et al., 2000). Further-
more, LA is Generally Recognised as Safe (GRAS) and its application for
organic sprouts is approved by the NOP (2011). Thus, it could be a
potential disinfection method for fresh sprouted produce.

Moreover, it has been reported that the physical method mild heat
(MH, 40-50 °C) effectively enhanced the antibacterial effects of
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sanitisers (e.g., LA, citric acid, hydrogen peroxide) on baby spinach
(Huang & Chen, 2011). Therefore, the combination treatment of LA and
MH was tested in this study. The gram-negative E. coli 0157:H7, a
foodborne pathogenic bacterium, may cause the urinary tract infection,
coleocystitis, or septicaemia. E. coli 0157:H7 was one of the leading
causes of outbreaks related to sprouts produce from 2004 to 2012
(Callejon et al., 2015). In addition, in 1996, the largest outbreak related
to sprouts consumption occurred in Japan. About 12,000 patients were
infected after consuming radish sprouts contaminated with E. coli O157:
H7. Among the patients, 121 hemolytic uremic syndrome and 12 death
cases were recorded (Choi et al., 2016). E. coli ATCC 25922 is a sub-
species of E. coli that is often used as a surrogate species for pathogenic
E. coli species in food microbiology studies (Lu et al., 2010). Recent
studies showed that the strain E. coli ATCC 25922 were not suitable to
use as a surrogate in some antibacterial tests. For instance, the sanitising
effects of LA on E. coli strain ATCC 25922 and pathogenic 026:H11 were
significantly different (Chen et al., 2020). Therefore, the sanitising ef-
fects of LA and MH on the two E. coli strains (ATCC 25922 and 0157:H7)
should be compared.

In this study, the inactivation effects of E. coli ATCC 25922 and 0157:
H7 inoculated in organic broccoli sprouts by LA (2%, v/v), MH (45 °C),
and their combination treatment were compared. The in vitro inactiva-
tion curves of E. coli under different treatments were studied and further
fitted using five models. The amount of leaked protein and cell
morphology changes were further tested. The kinetics of in vivo growth
recovery of E. coli in broccoli sprouts after sanitising treatments were
also monitored during storage for 6 d. Lastly, the metabolic responses of
the pathogenic E. coli 0157:H7, which presented higher stress tolerances
under different treatments compared with those in ATCC25922, were
studied by nuclear magnetic resonance (NMR).

2. Materials and methods
2.1. In vitro inactivation kinetics of E. coli strains

Non-pathogenic E. coli (NPE) strain ATCC 25922 and pathogenic
E. coli (PE) strain O157:H7 ( ATCC 35150 ) were obtained from the
Department of Food Science and Technology, National University of
Singapore. The strains were cultured in Tryptone Soya Broth (TSB,
Oxoid, Basingstoke, UK) for ~12 h at 37 °C. They were then adapted to
nalidixic acid (Sigma-Aldrich, St. Louis, MO, USA) in TSB from 20 to
100 pg/mL by rounds of transfers. Overnight cultures of E. coli strains
were inoculated 1:100 (v/v) in fresh TSB (400 mL) and incubated for 18
h (37 °C) to prepare working suspensions. The bacterial counts were
calculated on Tryptone Soya Agar (TSA, Oxoid, Basingstoke, UK). The
obtained E. coli culture (around 8-9 log colony forming units (CFU)/mL)
was centrifuged at 6000xg for 10 min (24 °C) and the bacterial pellet
was washed three times using phosphate-buffered saline (PBS, pH 7.2).

The microbial suspension was concentrated by resuspending the
pellet in 2 mL of sterile saline (8.5 g/1 NaCl, pH 7.0) and then well mixed
with 8 mL sterile saline (control group, room temperature, 24 + 1 °C),
sterile saline (45 °C), LA (2%, v/v, room temperature) in sterile saline,
and the warmed LA solution (45 °C), separately, in 50 mL test tubes. For
the MH treatment, the microbial suspension was mixed with pre-
warmed solutions (45 °C) and the mixtures were immediately incu-
bated in water bath at 45 °C. During the inactivation process, 1 mL of the
mixed suspension was mixed with 9 mL neutralising buffer (0.1 mol/1
PBS, pH 7.5, 24 + 1 °C) every 15 s until 180 s. The neutralised solutions
were serially diluted, spread on TSA, and incubated for 48 h at 37 °C.
The colonies counts were recorded and expressed as log CFU/mL. The
limit of detection was 2 log CFU/mL.

2.2. Mathematical fitting of the antibacterial kinetics

The bacterial reduction points (except points at 90 s Which were
used for model verification) of the three sanitising treatments were fitted
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mathematically using five models (Linear, Weibull, Gompertz, reduced
Huang, and reduced Baranyi) in MATLAB R2013b (The Mathworks Inc.,
Natick, MA, USA) (Ghate et al., 2017).

Linear model: log1o(yo/y) = ax + b, where yy is the initial bacterial
count, y is the surviving bacterial count, x is the time in s, and a and b are
the linear regression parameters.

Weibull model: log;o(yo/y) = (x/c)*, where « represents the shape
parameter and c is the time needed to reduce 1 log CFU/mL.

Gompertz model: 10810(y0/y) = Ymaxexp{—exp[(Be)(y-X)/Ymax+11},
where ynayx is the sanitising effect (log CFU/mL) of each treatment after
the maximum treatment time (In vitro study: 180 s for MH treatments,
150 s for PE-LA, 135 s for NPE-LA and PE-combination, and 120 s for
NPE-combination; In vivo study: 6 d for 6 groups). f is the maximum rate
of the inactivation kinetics and y is the lag phase duration.

Reduced Huang model: logi(yo/y) = ﬁl{x+(1/4)ln[(1+e’4(x’m)/
(1+e4yl)]}, where p; is the maximum antibacterial rate and y; repre-
sents lag phase duration in s.

Reduced Baranyi model: logio(yo/y) = Pox + In[exp(—p2x)+exp
(-hg)-exp(—Pox-hg)], where x is the treatment time in s, y is the surviving
bacterial count, yq is the initial bacterial count, B3 is the maximum
antibacterial rate in (log CFU/mL)/s, hy is the physiological state (log
CFU/mL).

The fitting goodness was examined using R-square (R?) and root
mean squared error (RMSE). Moreover, overfitting was analysed using
Akaike information criterion (AIC) values: AIC = nIn(SSE) + 2p, where n
represents the used data point number, SSE is the sum of squared esti-
mates of error and p is the number of the parameter used.

2.3. Protein leakage

The method described by Liu et al. (2018) was used to test the pro-
tein leakage of E. coli during the sanitising treatments. The neutralised
suspensions collected in section 2.1 at 0, 15, 30, 60, 120, and 180 s were
centrifuged at 6000x g for 10 min (24 °C). The obtained supernatant (20
uL) was mixed well with 200 pL Coomassie brilliant blue G-250 solution
and incubated at room temperature (24 + 1 °C) for 5 min. The absor-
bance of the mixture was then examined at 595 nm using a plate reader
(Spectrafluor Plus, Tecan, Durham, NC, USA). Bovine serum albumin
solutions with concentrations of 20-100 pg/mL were used as standards
(R% > 0.99).

2.4. Atomic force microscopy (AFM) analysis of morphological
alterations

Suspensions of E. coli were prepared and treated as described in
section 2.1. After inactivation for 2 min, the mixture (10 pL) of each
group was pipetted on a mica sheet and then dried by an aurilave. After
air-drying in a laminar flow cabinet (4 h), the prepared sheet was
scanned using a tabletop (TT)-AFM instrument (AFM workshop, Signal
Hill, CA, USA) in 4 h. The resonance and force constants were set at 190
kHz and 45 N/m, respectively. Tapping mode with 0.4 Hz scan rate and
512 scan lines was applied to scan the samples (Chen, Zhang, et al.,
2019). The offline software Gwyddion (http://gwyddion.net/) was
applied to analyse the obtained images. The morphological parameters
of E. coli strains, including root-mean-square (RMS) roughness, height,
and width, were recorded. The central region on the cell surface (0.2 x
0.2 pm?) was used to calculate RMS roughness and at least 20 mea-
surements were carried out for each parameter.

2.5. In vivo growth kinetics during storage

Organic broccoli (Brassica oleracea var. italica) seeds were obtained
from a local company in Singapore. The seeds were germinated and
sprouted according to our previous method (Chen et al., 2018). After
sowing for 7 d, the organic broccoli sprouts were harvested carefully.
The inoculation of E. coli on organic broccoli sprouts was conducted by
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submerging the sprouts in a bacterial suspension (around 7 log CFU/mL)
for 5 min. The sprouts were then air-dried in a Class II biosafety cabinet
(LA2-4A1, ESCO Technologies, Inc., Hatboro, PA, USA) at room tem-
perature for 30 min. In our preliminary study, broccoli sprouts were
soaked in 2% (v/v) LA for 0.5, 1, 2, and 4 min. The results showed that 4
min treatment lead to the discoloration of sprouts. Thus, treatment with
LA (2%, v/v) for 2 min was applied as the working condition. The pre-
pared sprouts were soaked in sterile deionised (DI) water (control, room
temperature), DI water (45 °C), LA (2%, v/v, room temperature), and
the combination treatment (2% LA, 45 °C), respectively, for 2 min. The
sprouts were then washed by sterile DI water (room temperature) for 1
min to remove the residual LA and to avoid any subsequent discolor-
ation. After the sanitising treatment, the sprouts (100 g) of each group
were stored in clear hinged containers (11.4 cm x 11.4 cm x 7.0 cm,
length x width x height) in the dark. The temperature was 4-6 °C, while
the relative humidity was ~70%.

The sprouts were sampled before and after sanitising treatments at
day 0. In the following storage period (6 d), the treated sprouts were
sampled daily at the same time. Serial dilutions of the ground samples
were prepared and the dilution (0.1 mL) was pipetted on TSA containing
100 pg/mL nalidixic acid. The TSA plates were incubated for 48 h at
37 °C. The results were expressed as log CFU/g fresh weight (FW). The
obtained count reduction points (except points at day 4, which were
used for model verification) of E. coli during storage were further model
fitted as in section 2.2 and the related model parameters were also
calculated. The selected model was further verified by comparison of the
observed and predicted values (Huang et al., 2011). The reliability was
evaluated using the bias factor (Bf) and accuracy factor (Ag):

\/Z;’Zl[ln(ﬂpredict, i) — In(uobserve, i)]Z)

n

Afexp(

Bf = exp (Z:’Zl [In(upredict, i) — In(pobserve, 1)])

n

Where pipredict is the predicted values calculated from selected model,
Hobserve i the observed values recorded from plate count, and n stands
for the number of observations.

2.6. Physicochemical measurement

Colour changes in broccoli sprout leaves during storage were tested
using a Minolta Colorimeter CM-3500d (Konica Minolta, Tokyo, Japan).
The colour values (L*, a*, and b*) were measured for each group. L*
represented lightness, a* presented redness/greenness, and b* denoted
yellowness/blueness of the samples. Colour difference among the
different groups was

calculated using the formula: AE" =

\/ (AL")* + (Aa*)* + (4b*)?, where AE* is the overall colour difference,

AL* is the difference in lightness between treated group and control
group at the same day. Similarly, Aa* and Ab* are the differences in
redness/greenness and yellowness/blueness, respectively (Zhao, Chen,
et al,, 2021). The measurements of each group were independently
replicated five times. Firmness (cutting force) of the middle hypocotyl of
broccoli sprouts was measured by a texture analyser (TA-XT2i, Stable
Micro System, Surrey, UK) equipped with a knife blade (TA-42). The
pre-test, test, and post speed were 4, 4, and 4 mm/s, respectively. The
maximum peak force was recorded as firmness. The total phenolics
content was determined by the method of Chen, Tan, et al. (2019). Fresh
sprouts samples (1 g) were mixed with 5 mL methanol containing 1%
(v/v) hydrochloric acid, and homogenised in cold mortar and pestle. The
homogenates were extracted under dark condition for 30 min and then
centrifuged (12,000xg) at 4 °C for 10 min. The supernatant was
collected and the absorbance was recorded at 280 nm. The phenolics
content in samples was calculated by a standard curve of gallic acid and
expressed as mg/g FW.
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2.7. NMR analysis of intracellular metabolic profiles in E. coli

The intracellular metabolites of strain 0157:H7 of four treatment
groups were extracted according to our previous study (Chen et al.,
2020). The neutralised solution (30 mL) prepared in 2.1 was centrifuged
(12,000 g, 20 min, 4 °C) and the obtained pellet was mixed with 1 mL
methanol-dy (Cambridge Isotope Laboratories, Tewksbury, MA, USA)
and extracted at —20 °C for 48 h. After that, the mixtures were centri-
fuged at 12,000xg at 4 °C (20 min) to obtain the extracts. Trimethylsi-
lylpropanoic acid (TSP) was mixed with the extract with a final
concentration of 1 mM before NMR analysis. The samples were tested by
a Bruker DRX-500 NMR spectrometer (Bruker, Rheinstetten, Germany).
The 'H spectra were collected by the standard NOESY pulse sequence.
The metabolites were assigned based on our previous study (Chen et al.,
2020). The resulting spectra of four groups were processed by Mestre-
nova (Mestreab Research SL, Santiago de Compostela, Spain) to create
the binned database for multivariate analysis. Hierarchical cluster
analysis and principal component analysis (PCA) were performed to
separate the variables. Moreover, the supervised orthogonal partial least
squares discriminant analysis (OPLS-DA) was conducted to screen the
variable importance in projection (VIP) metabolites of the pairwise
groups. Based on the VIP results, the pathway analysis was conducted in
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/). The metabolic
pathways were concluded using Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (https://www.genome.jp/kegg/pathway.html).

2.8. Statistical analysis

Data were statistically analysed by analysis of variance (ANOVA) in
SPSS (Version 22.0, IBM, Armonk, NY, USA). Means of different treat-
ment groups were compared by the least significant difference (LSD)
method. Furthermore, differences with P < 0.05 were considered
significant.

3. Results and discussion
3.1. In vitro sanitising kinetics of E. coli

The sanitising kinetics of two E. coli strains under four treatments are
presented in Fig. 1. Bacterial counts in the control groups of two strains
were maintained at around 9 log CFU/mL. Individual treatment with
MH resulted in slight bacterial reductions. At 180 s, the counts were 0.74
and 0.62 log CFU/mL lower than those in the control groups of NPE and
PE, respectively. Interestingly, LA (2%, v/v, room temperature) treat-
ment sharply decreased the populations of NPE and PE to 5.53 and 5.96
log CFU/mL, respectively, after 15 s. Moreover, the NPE count was
lower than the limit of detection (2 log CFU/mL) after 135 s treatment,
while PE was continuously counted to 150 s. A previous study reported
that LA with low concentration (0.5%) exhibited a promising in vitro
inactivation effect on E. coli after 2 h of exposure (Wang et al., 2015).
Several factors may contribute to the disinfection effect of weak organic
acids: for example, uncoupling of energy production and regulation
caused by cytoplasmic acidification in microbial cells; toxic levels of
dissociated acid anion that modify the structures or functions of intra-
cellular proteins and DNA; increased permeability of the membrane; and
specific effects of the individual acid (Mani-Lopez et al., 2012; Wang
et al., 2013). In addition, the results implied that NPE was more sus-
ceptible to acid stress compared to PE. PE serotypes evolve additional
resistant mechanisms which make them have greater abilities to adapt
and survive under acidic environment (King et al., 2010). Therefore, the
strain ATCC 25922 may be not a suitable surrogate of pathogenic 0157:
H7 under lactic acid treatment.

Moreover, fast E. coli reductions were observed in the groups of
combined treatments. The NPE count continuously decreased from 8.99
to 2.04 log CFU/mL after treatment for 120 s. For PE strain, the count
reduced from 9.06 to 2.01 log CFU/mL after 135 s. The combined
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Fig. 1. Invitro survival curves of E. coli strains (NPE: non-pathogenic E. coli; PE:

pathogenic E. coli) under treatments by mild heat (MH), lactic acid (LA), and
their combination.

Table 1
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application of different sanitisers is an effective strategy for pathogen
inactivation during food processing. For instance, the combination of
electrolysed water with MH, a carvacrol nanoemulsion, or ultrasound
effectively enhanced the sanitising effect compared with their individual
use (Liu et al., 2020; Sow et al., 2017; Zhao, Li, & Yang, 2021). Our
results indicated that the combined use of MH (45 °C) and LA (2%, v/v)
exhibited effective in vitro inactivation of E. coli, and the organic acid
contributed the major sanitising effect of combination. Thus, the com-
bination treatment could be a potential processing method for sprouts
produce.

3.2. Mathematical fitting of the antibacterial effect

The modelling approach offers the possibility for prediction and
simulation of untested scenarios. It is useful for the design of new
studies. In addition, model fitting provides a good summarisation and
description of the data (Nielsen et al., 2011). Thus, the antibacterial
effects of three sanitising treatments were fitted using five models. The
fitting curves and related parameters are shown in Fig. S1 and Table 1,
respectively. In addition, the parameters of each model are summarised
in Table S1. For the MH treatments (NPE and PE), the linear model
presented lowest goodness with lower R? and relative higher RMSE and
AIC values (Table 1). RMSE is generally considered as the most infor-
mative goodness index of non-linear and linear fittings, and lower RMSE
values indicate better fitness of the model (Scanlon et al., 2015).
Moreover, model comparisons can be performed using AIC, which is a
robust statistical method. The parameter number and sample size are
taken into account, and lower AIC values indicate a better model (Ghate
et al., 2017). Furthermore, Weibull and Reduced Baranyi showed good
fitness for MH treatment of NPE (Table 1). On the other hand, Weibull
and Gompertz are more applicable for the MH (PE) fitting. Thus, Weibull
was the best model to describe the MH inactivation kinetics of both NPE

Comparison of the model parameters of five models of antibacterial actions and recovery growth kinetics under different treatments.

Treatment Model Antibacterial effect Growth kinetics during storage
R? RMSE SSE AIC R? RMSE SSE AIC
MH (NPE) Linear 0.54° 0.248" 0.71 —2.158 0.51M 0.29 0.57 —2.48'
Weibull 0.66% 0.22" 0.53% -3.65" 0.94%° 0.118" 0.07™ -17.09'
Gompertz 0.684¢ 0.22" 0.504™ —2.288 0.88" 0.168 0.13™ -10.13%
Reduced Huang 0.65¢ 0.238" 0.544 ~1.33f 0.81¢ 0.21% 0.22 —5.95/
Reduced Baranyi 0.64° 0.22" 0.55% —3.178" 0.74° 0.22% 0.304 —5.65
LA (NPE) Linear 0.278 1.70° 25.96° 31.31¢ 0.20% 0.97° 6.53° 17.01°
Weibull 0.99° 0.238" 0.42m —6.55' 0.97° 0.16% 0.15' —11.42%
Gompertz 0.91% 0.69° 3.338h 20.444 0.72¢f 0.55%¢ 1.53" 9.38f
Reduced Huang 0.76° 1.10¢ 8.44" 31.59¢ 0.31 —12.50% 2.118 11.99%
Reduced Baranyi 0.99° 0.22" 0.39'™ —7.21 0.55" 0.64¢ 2.45%¢ 11.15¢
Combination (NPE) Linear 0.01! 2.12° 35.94° 30.65° 0.06' 1.08° 8.17° 18.81°
Weibull 0.99° 0.20" 0.27" ~11.84 0.94%° 0.27' 0.43% —2.79!
Gompertz 0.94%° 0.60f 2.19' 15.42¢ 0.84% ~1.25 2.25% 12.47¢
Reduced Huang 0.674¢ 1.42¢ 12.13¢ 35.95° 0.65% 0.73" 2.694¢f 13.92¢
Reduced Baranyi 0.99° 0.20" 0.27" —-11.88 0.63' 0.69" 2.824 12.29%
MH (PE) Linear 0.64° 0.12! 0.17%° —18.94% 0.88" 0.10" 0.07™ -19.33m
Weibull 0.87%° 0.08" 0.06% —28.87™ 0.93% 0.08" 0.04" —21.36™
Gompertz 0.89%° 0.07 0.059 —29.39™ 0.94% 0.09" 0.04" —20.05™
Reduced Huang 0.82° 0.09 0.091 —23.52! 0.94%° 0.08" 0.04" —20.72™
Reduced Baranyi 0.78% 0.109 0.1174 —22.704 0.91% 0.10" 0.06™ -19.17™
LA (PE) Linear 0.13" 1.64> 26.82° 34.89% 0.16 0.78° 4.26° 13.60°
Weibull 0.98° 0.278" 0.64% —1.27 0.96° 0.168 0.15' -10.97%
Gompertz 0.89%° 0.67¢ 3.558 21.20¢ 0.70°f 0.47¢ 1.10! 6.73"
Reduced Huang 0.73% 1.03¢ 8.51¢ 31.70° 0.628" 0.53¢% 1.39" 8.63¢
Reduced Baranyi 0.98° 0.268" 0.61%% -1.87° 0.46' 0.574 1.988 9.46
Combination (PE) Linear 0.09' 1.86%° 31.10° 32.93% 0.15% 0.95° 6.28° 16.70°
Weibull 0.98° 0.318 0.75 0.53¢ 0.97° 0.178 0.18' —9.71%
Gompertz 0.91%° 0.66°f 3.06" 19.414 0.74° 0.49° 1.440 8.94%
Reduced Huang 0.68% 1.25¢ 11.00% 34.77% 0.3 ~11.04 2.078 11.81%
Reduced Baranyi 0.98° 0.308 0.73 0.26° 0.57" 0.63 2.35° 10.82°f

Note: regression coefficient (R?), root mean squared error (RMSE), sum of squares for error (SSE) and Akaike information criterion (AIC). LA, lactic acid; MH, mild heat;
NPE: non-pathogenic E. coli; PE: pathogenic E. coli. Within the same column, mean values with different lower cases letters are significantly different from each other

(P <0.05).
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and PE. For the LA treatments, the models of Weibull and reduced
Baranyi exhibited good fitness, with high R? values of 0.99 and 0.98 for
NPE and PE, respectively (Table 1). The low RMSE and AIC values
further confirmed that these two models were more applicable for curve
fitting of the LA treatments (NPE and PE).

Similarly, the two models also exhibited the best fitting performance
for the combined treatment, with higher R? and lower RMSE and AIC
values (Table 1). Thus, we concluded that the Weibull and reduced
Baranyi models were superior models to describe the in vitro inactivation
kinetics of two E. coli under LA and combination treatments. Moreover,
the parameters of the Weibull and reduced Baranyi models could pro-
vide more information about the inactivation process. For example,
Weibull parameter b represents the time needed to reduce 1 log CFU/mL
and a indicates the shape characteristic (Ghate et al., 2017). The time (b)
needed to reduce 1 log CFU/mL NPE was 0.01 s by combination treat-
ment (Table S1). However, it took longer time (0.04 s) for PE sanitisa-
tion. Shape parameters (o) of six groups were all less than 1, indicating
concave-downward inactivation curves (Koyama et al., 2017; Luo & Oh,
2016). Furthermore, compared with those in the LA groups, lower
physiological state parameters (hp) in combined treatments were
recorded for NPE (—6.59 log CFU/mL) and PE (—5.92 log CFU/mL). The
physiological state (hg) is the product of the maximum inactivation rate
and lag (Baranyi & Roberts, 1995). The results indicated greater disin-
fection effect of the combined treatment compared with that of indi-
vidual LA treatment. In addition, the lower hy of NPE compared with PE
further confirmed that the PE was more resistant to the combination
treatment.

3.3. Protein leakage under different treatments

Sanitiser-mediated membrane damage was assessed using the pro-
tein leakage rate. The results showed that the sanitising treatments
negatively affected the membrane integrity of E. coli by different degrees
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Fig. 2. Effect of different sanitising treatments on the protein leakage from
E. coli cells. LA, lactic acid; MH, mild heat; NPE: non-pathogenic E. coli; PE:
pathogenic E. coli.
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(Fig. 2). The concentrations of leaked proteins in the MH groups were
similar with those in the control, which remained at a constant and low
level (around 2-5 pg/mL). In addition, protein leakage of NPE during LA
treatment was improved to 3.56-10.73 pg/mL during in vitro inactiva-
tion. For PE, LA treatment resulted in lower protein leakage (3.75-7.07
pg/mL) compared with NPE. Complicated mechanisms contribute to the
inactivation of E. coli under weak acid treatment. Weak acids induce the
conversion of unsaturated fatty acids on the membrane into cyclopro-
pane fatty acids, which eventually leads to membrane disruption (Lund
et al., 2014). Furthermore, the combined treatment resulted in the
highest protein leakage of NPE (20.71 pg/mL) and PE (16.56 pg/mL)
after treatment for 180 s. The result indicated that LA is probably the
main contributor to the membrane damage caused by the combination
treatment and the MH played an auxiliary role.

3.4. Morphological changes of E. coli

Atomic force microscopy (AFM) is able to test the 3-dimensional
information of cells in situ at the nano level. In this study, the morpho-
logical changes of E. coli under different treatments were tested and are
presented in Fig. 3. The images showed that the E. coli cells of two se-
rotypes in the control group displayed typical bacilliform morphology
with a uniform size. They were aggregated and the cell surface was
coarse and irregular (Fig. 3a, e). However, after treatment of MH
(45 °QC), the cells were inflated and the surface became smoother. Some
suspected outer membrane residual components were found on the
surface structure (Fig. 3b, f). Similarly, swollen E. coli cells with a
relative glossy surface were observed under LA treatment (Fig. 3c, g). In
addition, the plump cells in combined treatment group also adhered to
each other and had full and smooth surfaces (Fig. 3d, h).

Further statistical analysis showed the detailed physical properties
(width, height, and roughness) of E. coli under each treatment (Fig. 3i).
Compared with the cell width (0.85 pm) in the control of NPE, signifi-
cantly (P < 0.05) increased cell widths were recorded in the MH (1.08
pm), LA (1.17 pm), and combined treatment (1.34 pm) groups. By
contrast, the height of the NPE cells significantly (P < 0.05) decreased
from 0.30 to 0.27, 0.21, and 0.20 pm after sanitising treatments with
MH, LA, and their combination, respectively. Moreover, the surface
morphology of NPE was analysed quantitatively using the RMS rough-
ness value. The highest roughness value (13.92 nm) was recorded in the
control group. The RMS roughness value was reduced to 11.27 nm by
MH treatment and to 5.52 nm by LA treatment. The lowest roughness
value (2.78 nm) was observed in the combination group. For the PE,
similar trends of statistical parameters under four treatments were
recorded. PE cells presented highest width (1.37 pm) and lowest height
(0.19 pm) and roughness (4.26 nm) in combined treatment group. In
addition, the cell surface roughness was significantly (P < 0.05) higher
in PE compared with NPE under LA and combination treatments, indi-
cating the lower rate of membrane disruption of PE group.

Gram-negative E. coli is covered by a thick lipopolysaccharide outer
membrane, which forms a permeability barrier for environmental
stresses such as antibiotics, bacteriophages, and bacteriocins (Putker
et al., 2015). The AFM results showed that the sanitising process started
with disruption of the outer membrane. After treatment with MH
(45 °C), the characteristics of membrane surface were slightly modified,
but the cell integrity was still maintained. Membrane permeability
might increase because of the structural changes, which was consistent
with the results of protein leakage (Wang et al., 2010; Zhang & Hu,
2013). Moreover, LA (2%, v/v) treatment almost destroyed the outer
membrane structure and the cytoplasmic membrane was observed to
emerge. For gram-negative bacteria, the outer membrane is not a
physical barrier to proton movement because the porin diameter is large
enough (Lund et al., 2014). In addition to a low pH effect, LA also
functions as a permeabiliser of the bacterial outer membrane (Alakomi
et al., 2000). Furthermore, the E. coli cells collapsed without the support
of the outer membrane under the combined treatment. The notable
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Fig. 3. Atomic force microscopy (AFM) images of E. coli cells under different disinfectant treatments. Images a-d, NPE cells. Image e-h, PE cells. LA, lactic acid; MH,

mild heat; NPE: non-pathogenic E. coli; PE: pathogenic E. coli.

morphological changes revealed the enhanced disinfectant effect of LA
in combination with MH.

3.5. In vivo growth kinetics after sanitising treatments

The sanitising effect of each treatment on E. coli strains inoculated in
broccoli sprouts is shown in Fig. 4. The recovery growth kinetics after
disinfectant treatments were monitored during the low temperature
(4-6 °C) storage for 6 d. At day 0, the NPE count decreased from 7.12 to
6.73, 5.33, and 5.03 log CFU/g FW after 2 min of MH, LA, and their
combination treatment, respectively. For PE, the count was reduced
from 7.23 to 6.93, 5.66, and 5.41 log CFU/g FW under MH, LA, and
combination treatment, respectively. During storage, populations of
E. coli cells (NPE and PE) constantly decreased. At day 6, the NPE cell
counts were 6.47, 5.98, 4.33, and 3.80 log CFU/g FW in the control, MH,
LA, and combination groups, respectively (Fig. 4). Moreover, PE counts
in four treated groups at day 6 were 6.56, 6.28, 4.83, and 4.30 log CFU/g
FW, respectively. Temperature is a key factor for bacterial growth. It was
also observed that E. coli did not grow, but survived throughout storage
at a low temperature (5 °C) on fresh-cut melon, carrot, and escarole
(Abadias et al., 2012). The lower limit of growth for generic E. coli is
generally believed to be 5 °C (Delaquis et al., 2007). During storage,
higher reductions in three treated groups were recorded compared with
those in the control groups of both NPE and PE. This might be because
the sanitising treatment resulted in a certain proportion of sublethally
injured cells that could not survive under long-term low temperature
stress (Tian et al., 2018). In addition, it was observed that the inacti-
vation effect of each treatment on E. coli (0 d) (Fig. 4) was declined
compared with that in the planktonic status (120 s) (Fig. 1). The com-
plex food matrix may weaken the antibacterial effects of the sanitisers
(Townsend et al., 2020; Vandekinderen et al., 2009). Nevertheless, the
inactivation treatments, especially the combination treatment, exhibited
applicable sanitising efficacies.

The model fitting of cell count reduction and related parameters are
shown in Fig. S2, Table 1 and Table S2. The results revealed that the
Weibull model exhibited best fitness, with higher R? values for the three
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Fig. 4. In vivo growth curves of E. coli strains (NPE: non-pathogenic E. coli; PE:
pathogenic E. coli) under treatments with mild heat (MH), lactic acid (LA), and
their combination.

sanitising groups of two E. coli strains. The lowest RMSE, SSE, and AIC
values were also recorded (Table 1). Similar to the in vitro sanitising
kinetics, the LA and combination treatments took significant (P < 0.05)
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less time (0.00 and 0.00 d, respectively) to reduce 1 log CFU/g FW NPE
inoculated in sprouts compared with the MH (3.69 d) treatment
(Table S2). Furthermore, the sanitisation time of PE by MH (8.20 d) and
LA (0.02 d) was significant (P < 0.05) longer compared that of NPE.
Concave-downward cell reduction curves with shape parameters (o) less
than 1 were also observed (Fig. S2; Table S2). Thus, we concluded that
the Weibull model was applicable to assess the in vitro sanitising kinetics
and the in vivo growth dynamics of E. coli under low concentrations of
MH, LA, and their combination.

The values predicted by Weibull were compared with the observed
values to further verify reliability. The A¢ value represents the accuracy
of a selected model and B¢ is a measurement to estimate the variation
between the observed and predicted values. A value of 1 is the ideal
result. Table 2 shows that the predicted values of the antibacterial effect
curves of NPE and PE at 90 s were close to the observed values. The A¢
and Bf values were maintained around 1 (0.87-1.18). Similar results
were observed for the E. coli count reduction curves during storage.
These results verified that the Weibull model was the most suitable
strategy to study the sanitising kinetics under each sanitising treatment.
The Weibull model is able to illustrate the lag phase or saturation
exhibited in an inactivation or growth curve (Ghate et al., 2017; Maresca
& Ferrari, 2017). The model showed that lag phases existed in the
inactivation (60-180 s) and growth curves (2-6 d) of the three groups
(Fig. S1; Fig. S2). Thus, the antibacterial properties of the sanitisers and
the compatibility of the Weibull model contributed to the fitting success.

3.6. Physicochemical changes of organic broccoli sprouts

Sprout products are usually stored at low temperature and consumed
fresh. The sanitising process should not affect the sprout quality. Thus,
the physicochemical changes of the treated sprouts during storage were
tested (Table 3). The results indicated that the colour parameters,
including L*, a* and b*, in the control group were maintained during
storage of 6 d. Moreover, the three sanitising treatments did not
significantly (P < 0.05) change the colour characteristics (L*, a* and b*)
compared with those of the control group. Furthermore, the overall
colour difference AE* remained at a low level in each sanitising group,
except for the AE* of the MH and LA treatments at day 4.

Texture is another important property to evaluate the commercial
value and quality of postharvest produce. In addition, phenolic com-
pounds are important plant compounds and consumed as antioxidants
widely (Chen et al., 2018). Our results indicated increasing trends of
firmness levels in four groups were observed during 6 days’ storage
(Table 2). Compared with the firmness results in control (21.09 x 1072
N), MH (21.22 x 1072 N), LA (22.31 x 1072 N) and combined (21.35 x
1072 N) groups at day 0, they were significantly (P < 0.05) increased to
25.83, 24.66, 27.11 and 25.88 x 1072 N, respectively at day 6. More-
over, almost no notable differences of firmnesses among the four groups
at each storage day except day 2 (firmness in control group showed
significant higher firmness level than those of MH and combination
groups). Similarly, McCollum et al. (1993) and Fan et al. (2003) re-
ported slightly decreased firmness in MH treated lettuce and mango

Table 2
Accuracy and bias factors of predicted and observed values of E. coli counts.
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Table 3
The physicochemical parameters of organic broccoli sprouts under different
antibacterial treatments during 6 days of storage.

Parameter Treatment Day 0 Day 2 Day 4 Day 6
L* Control 31.45%2 33.12%2 27.58%2 31.68%2
MH 32.41%2 32,314 31.25%2 32,73
LA 33.63% 30.8742 29.7742 31.10%
Combination ~ 28.65%*  29.63A% 27.0542 32.20%
a* Control —8.25%  _g.09M —7.40%2 —7.57%
MH —8.41%  _g.24™ —7.21% —7.62/2
LA -8.39%  _6.83M —7.87AB2  _g 65"
Combination ~ —7.314  _7.24"2 —7.73% —7.92%2
b* Control 19.4242 20.73%2 22,6742 22,5842
MH 20.3142 21.03%2 24,7142 22,0742
LA 20.55%2 19.7472 25.39%2 25.4742
Combination ~ 20.48%8% 19,6152 23.15% 21.797Ba
AE* MH 5.2382 6.844AB2 10.68%° 7.11482
LA 5.05% 6.58A52 9.62A4 7.02A82
Combination ~ 3.9742 6.5072 7.9144 4,137
Firmness ( x Control 21.09% 27.0652 24,3282 95g3h2
1072 N) MH 21.2282 22.3148> 2315482 946647
LA 22,3188 24.97AB 95 43hBa g7 1148
Combination ~ 21.35%° 23.6248° 2341482 95 gghAn
Total Control 1.25%2 1.19% 1.04%2 1.0282
polyphenol MH 1.19% 1.21%2 1.0242 1.01%2
content (mg/ LA 1.26% 1.18% 1.05%2 0.9942
g FW) Combination ~ 1.20%° 1.15482 1.11488 0.9488

Note: Within the same column, mean values of each parameter with different
lowercase letters are significantly different from each other (P < 0.05); within
the same row, mean values with different capital letters are significantly
different from each other (P < 0.05). L* represents lightness, a* presents
redness/greenness, and b* denotes yellowness/blueness of the samples. LA,
lactic acid; MH, mild heat.

fruit, respectively. The mechanism of heat treatment on textural change
is not clear. The exposure to MH may result in convertible structural
changes of cell wall materials (e.g., pectin) and lead to decrease in
firmness (Liu et al., 2017).

For the total phenolics contents in broccoli sprouts, almost no sig-
nificant changes among the treated groups at each storage day were
recorded (Table 3). Furthermore, the total phenolics contents were
maintained at levels ranging from 1.02 to 1.25 mg/g FW in control
group. Also, relative constant concentrations of total phenolics in MH
(1.01-1.21 mg/g FW) and LA (0.99-1.26 mg/g FW) treated groups were
presented. For combination treatment, the total phenolics contents were
significantly (P < 0.05) decreased from 1.20 (day 0) to 0.94 mg/g FW
(day 6). Generally, the physicochemical properties of broccoli sprouts
were not influenced by the MH, LA, or the combination treatments.

3.7. Metabolic profiles of E. coli 0157:H7 under different sanitising
treatments

The pathogenic O157:H7 presented higher stress resistance
compared with the NPE. Thus, the metabolic response of the PE was
further studied by NMR. The 'H spectra of four groups are shown in
Fig. 5. Totally 38 compounds were identified in the extraction samples

Treatment In vitro antibacterial effect (90 s) In vivo count reduction (4 d)
P (6] As B¢ P o A¢ B¢

MH (NPE) 0.70° 0.97% 1.18 0.87 1.02° 0.93% 1.10 1.09
LA (NPE) 6.08% 6.18% 1.17 0.90 2.49% 2.53% 1.17 0.96
Combination (NPE) 6.77% 6.81°% 1.21 0.96 2.91% 3.04% 1.21 0.88
MH (PE) 0.47% 0.50? 1.03 0.97 0.63% 0.53% 1.11 1.10
LA (PE) 5.50% 5.40% 1.11 1.10 2.03% 1.93% 1.18 1.10
Combination (PE) 6.00% 5.80% 1.07 0.98 2.48°% 2.34% 1.17 1.15

Note: Predicted values (P); Observed values (O); Accuracy factors (Ay); Bias factors (Bg). Within the same row in in vitro or in vivo study, mean values of each parameter
with different lowercase letters are significantly different from each other (P < 0.05). LA, lactic acid; MH, mild heat; NPE: non-pathogenic E. coli; PE: pathogenic E. coli.
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Fig. 5. H spectra of pathogenic E. coli 0157:H7 under different treatments. Note: I, control; II, mild heat (MH) treatment; III, lactic acid (LA) treatment; IV,

combination treatment.

(Table S3). Multiple peaks located at 0.5-5 ppm were assigned as sugar
and aliphatic acids such as glucose, ribose, acetic acid, and arginine
(Chen et al., 2020). Furthermore, other metabolites such as nucleotides
were identified in the region of 5-10 ppm. The 'H spectra also presented
signal differences among the four groups. For examples, the peak 35 at
6.55 ppm, which was assigned as fumaric acid, showed higher in-
tensities in groups I and II compared with those in Il and IV. It indicated
that fumaric acid related metabolism may be related with the resistant
response to LA stress.

Further hierarchical cluster analysis showed that the four groups of
PE were divided into two major clusters: C1 and C2 (Fig. 6a). The sub-
group C1 comprised I (control) and II (MH), indicating their metabolic
similarities. Moreover, groups III (LA) and IV (combination) were
aggregated in C2 and distinguished from the groups I and II. The results
indicated that the MH resulted in slight metabolic alteration, while
dramatic metabolic response occurred under LA and combination
treatments. PCA was conducted to screen the principle metabolites
responsible for the variable separation. The first two principle compo-
nents (PCs) explained the majority of the data (PCl: 48.76%; PC2:
28.83%). The score plot presented the separation of four groups, and the
loading plot showed the principle metabolites responsible for the sepa-
ration (Fig. 6b and c). Group I and II were aggregated, and negatively
affected by PC1 and positively affected by PC2. Metabolites such as
pyruvic acid were closely related to the two groups. However, group III,
which characterised by succinic acid, was negatively related to PC2,
indicating the metabolic difference of III compared with I and II. In
addition, group IV was separate and positively affected by PC1. Me-
tabolites including threonine, valine, leucine, and lysine were related to
group IV.

The OPLS-DA revealed the metabolic discriminations of pairwise
groups (I-II; I-1IT; I-1V) (Fig. 6d-f). The downward peaks in loading S-line
presented higher contents of certain metabolites in group I, while peaks
pointed upward indicated higher contents in the other groups. More-
over, the significant metabolites with VIP > 1 and P < 0.05 were
highlighted and marked in the S-line. Based on the obtained discrimi-
native metabolites, the pathway analysis was conducted and the results

are shown in Fig. 7 and Tables S4-6. The results showed that MH
resulted in the increased concentrations of succinic acid and valine.
However, some other metabolites such as p-b-glucose, a-ketoglutaric
acid, pyruvic acid, and threonine were consumed during the MH
response. Generally, 9 metabolic pathways were altered significantly (P
< 0.01) by the MH treatment and citrate cycle (TCA) was the most
affected pathway (Fig. 7a; Table S4). Furthermore, the transformation of
various amino acids was also monitored. Similar results were recorded
in the pairwise groups I-III and I-IV. The results indicated that energy
metabolism was related to the stress responses of MH and LA in PE.
Indeed, energy production is one of the most important physiological
activities of E. coli (Orth et al., 2011). It is a crucial feature for E. coli to
preserve energy status during stringent response and general stress
(oxidation, cold, heat, etc.) response (Jozefczuk et al., 2010). Under
long-term heat stress (around 2 h), the breakdown and degradation of
certain proteins are required for the synthesis of new amino acids such as
valine. This process is important for the survival of PE under heat stress.
In our study, the short time treatment of MH also resulted similar results.

E. coli have evolved various mechanisms to adapt the acidic stress
(Lund et al., 2014). For example, F1-Fy ATPase can pump out the
intracellular protons actively using energy. Amino acid related decar-
boxylase/antiporter system also contribute to the survival of E. coli
under acid environment. In our previous work, PE 026:H11 showed
strong acid resistance and the metabolic analysis showed that, besides
the higher level of energy production, glutamic acid dependent decar-
boxylase/antiporter system also played a key role during the acidic
adaption (Chen et al., 2020). In this study, lysine content was increased
in PE O157:H7 under acid treatment. Therefore, lysine decarboxylase
might play an important role in the survival of 0157:H7. Moreover,
higher level of proline was recorded (Fig. 6e). It is an important energy
source and helps protect E. coli cells from various biotic and abiotic
stress by keeping redox homeostasis and osmolarity (Zhang et al., 2015).
Under combination treatment, significant higher contents of amino
acids such as lysine, valine, and leucine were detected in O157:H7
(Fig. 6f). However, the TCA related metabolites (fumaric acid, succinic
acid, and o-ketoglutaric acid) were dramatically consumed. The
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Fig. 6. Hierarchical cluster analysis of four groups (a); score plot of principal component analysis (PCA) (b); loading plot of PCA (c); orthogonal partial least squares
discriminant analysis (OPLS-DA) of pairwise groups (d—f). Note: I, control group; II, mild heat treatment; III, lactic acid treatment; IV, combination treatment.

pathway analysis also showed that amino acid synthesis was the most

affected pathway (Fig. 7c; Table S6). Based on the VIP, OPLS-DA,

pathway analysis, and KEGG database, the hypothesised biochemical
pathway of PE O157:H7 under combined treatment was summarised
and illustrated in Fig. 7d. The TCA cycle was strongly inhibited which
might result from the dramatic consumption of energy for the stress
adaption. Moreover, the transformations of amino acids provided en-
ergy source and stress adaption related amino acids such as lysine.

4. Conclusion

The inactivation effects of MH (45 °C), LA (2%, v/v), and their
combination on two E. coli strains were investigated. The combined
disinfectant effects of MH and LA contributed to the best in vitro inac-
tivation performance of the combination treatment. Model fitting of the
antibacterial kinetics revealed that the Weibull and reduced Baranyi
models were superior to model the disinfectant kinetics of the three

sanitising treatments of two E. coli strains, with higher R? and lower
RMSE, SSE, and AIC values. Moreover, the results of protein leakage and
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AFM indicated that the inactivation of E. coli resulted from the outer
membrane disruption MH treatment made the cell surface smoother and
caused outer membrane damage. The membrane permeability was
altered, accompanied by increased protein leakage. LA treatment almost
destroyed the outer membrane and induced higher leakage of proteins.
Furthermore, the disinfectant effect of LA treatment was enhanced by
the combined use of MH. The in vivo growth curves in eight groups were
recorded and the count reduction of E. coli during low temperature
storage indicated the applicability of the inactivation treatments, espe-
cially the combined treatment. Model fitting showed that the Weibull
model was applicable for the in vitro antibacterial effect and the in vivo
growth kinetics. In addition, the physicochemical characteristics
(colour, texture, and polyphenol content) of broccoli sprouts were not
influenced by the processing strategies. Further metabolic study of PE
showed that the energy supply and synthesis of related amino acid
contributed to the acidic stress response. In conclusion, the combination
of MH and LA could be a potential antibacterial method for organic
sprouts.
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