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ARTICLE INFO ABSTRACT

This study found variability in the time required for tubes of media in heating block wells to reach 60 °C,
resulting in significant effects on heat resistance measurements. To determine the extent that methodology
changed heat resistance measurements, we compared the heat resistance of Shiga-toxin producing Escherichia
coli (STEC) strains with and without the locus of heat resistance (LHR) using both heating block and water bath
methods. A total of 34 strains of STEC were used along with a generic E. coli which has been identified as heat-
resistant and used as a positive control. The E. coli strains were incubated in a water bath and a heating block set
at 60 °C to determine come up time to 60 °C (T0) and for 6 additional minutes (T6) to calculate the D4, value.
After incubation, the colony forming units (CFU) were enumerated and mean log CFU/mL from biological re-
plicates was calculated. To compare reductions from TO to T6, standard deviations among replicates within
heating method and correlation of the D, values generated across methods were determined using Mixed model
and Correlation analyses. Our findings indicate that the method chosen to evaluate heat resistance of E. coli can
dramatically influence results as there was not a significant correlation between D, values for the same isolate
determined by water bath and heating block methods. The water bath method generates more reliable and
consistent heat resistance data and should be used in future evaluations of heat resistance in E. coli. Moreover,
PCR screening for the LHR would only be moderately useful for predicting phenotypic heat-resistance of E. coli.
Considering water bath data only, LHR-positive STEC isolates were either moderately heat-resistant (1 to 5 log
reduction) or heat-sensitive (> 5 log reduction). As LHR-negative STEC were also moderately heat-resistant,
prediction of phenotypic heat resistance from genotype requires further refinement.
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1. Introduction

Foodborne disease due to pathogenic E. coli has been often linked to
the consumption of undercooked meat (Greig and Ravel, 2009; Thomas
et al., 2015; Yeni et al., 2015). Accordingly, heat treatment is often an
essential strategy to inactivate pathogenic bacteria and ensure food
safety (Woodward et al., 2002; Klaiber et al., 2005; Rajic et al., 2007).
Effective application of heat treatment to the control of foodborne pa-
thogens requires accurately estimating the reduction in cell numbers
that will be achieved and understanding the factors influencing heat
resistance of the pathogen (Li and Ganzle, 2016).

For E. coli, heat resistance is not related to the phylogenetic group or
serotype (Mercer et al., 2015) and is highly variable (Mercer et al.,

* Corresponding author.
E-mail address: Kim.Stanford@gov.ab.ca (K. Stanford).

https://doi.org/10.1016/j.mimet.2019.105679

2015; Mercer et al., 2017). Under elevated temperatures many bio-
chemical mechanisms may be affected including outer membrane and
membrane fluidity, regulation of heat response by heat shock proteins
(HSPs), sigma factors 0" and o5, or cross-resistance to acid oxidative or
high-pressure stress (Li and Ganzle, 2016). In general, E. coli have been
considered relatively heat-sensitive, having D-values at 60 °C (Dgp)
ranging from 0.1 to 1 min (Mercer et al., 2015; Li and Ganzle, 2016).
However, a heat-resistant strain of E. coli with a Dgy-value exceeding
10 min has been reported (Dlusskaya et al., 2011; Garcia-Hernandez
et al., 2015), and this has been attributed to a ~ 15-kb mobile genomic
island termed the locus of heat resistance (LHR; Li and Ganzle, 2016;
Mercer et al., 2015). In a recent study, the LHR has been found in the
genomes of 2% of E. coli including food isolates, and pathogens
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harboring the LHR have exhibited extreme resistance to wet heat
(Mercer et al., 2015). Accordingly, strains carrying the LHR may po-
tentially resist thermal interventions that are lethal to LHR-negative
strains (Dlusskaya et al., 2011).

Currently, studies to determine heat resistance have used a heating
block, thermomixer, or PCR thermal cycler (Dlusskaya et al., 2011;
Garcia-Hernandez et al., 2015) or a conventional water bath (Liu et al.,
2015; Mercer et al., 2015; Mercer et al.,, 2017; Gill et al., 2019).
However, some of our internal studies using two different heating
blocks demonstrated variability in the time required for media/bac-
terial cultures in wells of the heating blocks to reach 60 °C, which would
possibly affect heat-resistance measurements. To determine impacts of
methodology, in this study we compared the heat resistance of Shiga-
toxin producing E. coli strains with and without the LHR using both
heating block and water bath methods.

2. Material and methods
2.1. Bacterial strains and culture

A total of 35 isolates of E. coli were used in this study, 34 strains
were from the culture collection of Alberta Agriculture and Forestry and
were isolated from cattle or their environment from 2002 to 2017
(Table 1). The highly-heat resistant E. coli strain AW1.7 (Aslam et al.,
2004) was used as a positive control. All strains were PCR screened for
the LHR (Mercer et al., 2015) and virulence factors stx1, stx2 eae and
ehxA (Conrad et al., 2014). Isolates positive for the LHR (n = 17) were
matched with isolates lacking the LHR collected at a similar date with
similar virulence factors.

Table 1
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From a glycerol working stock, a loop of suspension was streaked on
a MacConkey plate (Difco™, USA) and incubated aerobically for 18 h at
35 °C (CO, Incubator, Thermo Scientific, Canada). A single colony was
then sub-cultured in 15 mL Luria Bertani broth (LB, Difco™, USA) at
35°C with shaking at 100 rpm (VWR Mini-Shaker, New Brunswick
Scientific, Canada). All experiments were performed with overnight
cultures in the stationary phase of growth. Two replicates per heating
treatment were evaluated from each overnight culture. Optical density
(ODggp nm) was determined on 3.0 mL of the overnight culture using a
spectrophotometer (Thermo Fischer Scientific, Canada) to estimate in-
itial total cell concentrations (Conrad et al., 2014).

2.2. Determining come up time

For the water bath method, a 28-1 water bath (model FSGPD28,
Fisher Scientific®, Canada) with forced water circulation and interior
dimensions of 11.7 X 19.7 X 7.99 cm (L x W x H) was used. Duplicate
2 mL-microcentrifuge tubes (Eppendorf, Canada) each containing
1.5 mL of blank LB were included. The time required for media to reach
60 °C (come up time, TO) was measured by a long needle probe attached
to a thermometer (Thermapen® Mk4, Thermoworks, USA) stabbed into
the medium through the lids of the tubes. A total of 14 microtubes were
incubated at any one time in the water bath. The water bath and
heating blocks were pre-set to 60 °C prior to each test. For the heating
block method, the come up time for each individual well of two 24-well
heating blocks (Thermomixer® R, Eppendorf Canada and
ThermoMixer® C, Eppendorf Canada) was determined using triplicate
tubes of LB media for each well. Subsequent studies were conducted
using the Eppendorf Thermomixer® R, dimensions: (25L x 22 W x 12H

E. coli isolates and their response in LB broth to heat treatment in water bath and heating block.

Isolate Description Virulence LHR Reduction (Log CFU/ml) WB HB Dgp (min) WB HB Heat resistance classification WB HB

1 AW1.7 n.d. + 0.72 1.87 8.30 4.40 High Moderate

25 026:H9 stx1 + 1.39 3.19 4.30 1.88 Moderate Moderate

23 026:H9 ehxA, eae, stx2 + 1.52 3.78 3.95 1.59 Moderate Moderate

20 026:H9 ehxA, eae, stx2 + 1.66 2.94 3.61 2.04 Moderate Moderate

21 026:H9 ehxA, eae, stx1 + 1.79 3.50 3.34 1.71 Moderate Moderate

11 045:H34 ehxA, eae, stx2, stx1 + 1.85 3.96 3.25 1.52 Moderate Moderate

26 026:H9 ehxA, eae, stx1 + 2.00 2.96 3.00 2.03 Moderate Moderate

8 026:H11 ehxA, eae, stx1 - 2.65 1.34 2.30 7.10 Moderate High

2 0157:H12 n.d. + 2.58 4.13 2.30 1.45 moderate Moderate

30 0157 n.d. + 2.58 4.00 2.30 1.50 moderate Moderate

7 0157:H12 n.d. + 2.68 1.51 2.24 3.97 Moderate Moderate

34 0157 ehxA, eae, stx2 + 2.89 0.94 2.08 6.41 Moderate High

17 0157:H12 ehxA, eae, + 2.94 4.30 2.04 1.40 Moderate Moderate

27 0157 eae + 2.97 1.99 2.02 3.02 Moderate Moderate

15 0157:H12 nd + 3.13 3.33 1.92 1.80 Moderate Moderate

14 0145:NM ehxA, eae, stx2, stx1 + 3.29 1.91 1.83 3.14 Moderate Moderate

33 0157 ehxA, eae, stx1 + 3.43 1.00 1.75 5.98 Moderate Moderate

13 0145:NM ehxA, eae - 3.64 3.69 1.65 1.63 Moderate Moderate

9 026:H46 ehxA, eae + 4.33 4.43 1.38 1.36 Moderate Moderate

28 026 eae, stx2 - 4.91 7.35 1.22 0.82 Moderate Sensitive

18 026 ehxA, stx2 - 5.13 0.60 1.17 9.92 Sensitive High

16 0157:NM stx2 - 5.18 Indeterminate 1.16 Indeterminate Sensitive Indeterminate

29 0157 stx2 - 5.26 6.93 1.14 0.87 Sensitive Sensitive

32 0157 eae - 5.47 Indeterminate 1.10 Indeterminate Sensitive Indeterminate

3 0103:NM stx2 - 5.84 5.14 1.03 1.17 Sensitive Sensitive

5 0157:H7 stx1 - 5.86 Indeterminate 1.02 Indeterminate Sensitive Indeterminate

6 0157:H12 n.d. - 6.05 1.81 0.99 3.31 Sensitive Moderate

12 0157:NM stx1 - 6.21 1.34 0.97 8.4 Sensitive High

22 026 ehxA, eae, stx2 - 6.45 2.10 0.93 2.86 Sensitive Moderate

31 0157 n.d. - 6.49 1.06 0.92 5.69 Sensitive Moderate

10 045:H4 n.d. - 6.75 Indeterminate 0.89 Indeterminate Sensitive Indeterminate

19 026:NM ehxA, eae, stx1 - 6.80 2.26 0.88 2.65 Sensitive Moderate

24 026:NM stx1 - 7.28 2.29 0.82 2.62 Sensitive Moderate

4 0103:H2 stx1 + 7.74 4.95 0.78 1.21 Sensitive Moderate

35 0157 ehxA, eae, stx1 - 8.03 3.64 0.75 1.65 Sensitive Moderate
Note: n.d, none detected; ‘+’, presence; ‘-, absence. WB, water bath, HB, heating block. Heat resistance, > than 5 log (CFU/mL) reduction after 6 min at

60 °C = heat-sensitive, 1 to 5 log (CFU/mL) reduction = moderately heat-resistant, < 1 log (CFU/mL) = highly heat-resistant.
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cm).

2.3. Heat treatments

For each overnight culture of E. coli, with ODgop nm value ap-
proximately 0.5, 1.5 mL was dispensed into eight 2.0 mL micro tubes.
Four tubes were incubated simultaneously, with two in the water bath
and two in heating block as described above to determine the come up
time to 60 °C (T0). The remaining four tubes were also split between
water bath and heating block and incubated for 6 min plus the come up
times (T6). After incubation, tubes were immediately placed in an ice
bath and allowed to cool completely, approximately 30 min. Serial di-
lutions (10~ to 10~8) for each incubated culture were then prepared
in 1500 uL 0.1% peptone water and 1mL of each dilution was in-
cubated on Petrifilm (3M™ Petrifilm™ Aerobic count) for 18-24h at
35 °C. Dilutions and original tubes were kept at 4 °C overnight, and if
additional dilutions were needed the following day.

2.4. Colony enumeration and data analysis

After incubation, the colony forming units (CFU) on the Petrifilm
agar plates with 30-300 CFU were enumerated per manufacturer's in-
structions and mean log CFU/mL from independent duplicates was
calculated. The log reduction in bacterial populations from TO to T6 and
Dgo values were calculated from the linear slope of the death curve
(Dlusskaya et al., 2011; Liu et al., 2015; Garcia-Hernandez et al., 2015).
Strains were classified into phenotypic groups based on their survival
after heating, using the following criteria for stratification. Strains with
a reduction in cell counts of > 5 log (CFU/mL) after 6 min at 60 °C were
classified as heat-sensitive. Those demonstrating a reduction in cell
counts of 1 to 5 log (CFU/mL) were classified as moderately heat-re-
sistant while strains with reductions < 1 log (CFUmML ™ 1Y) were desig-
nated as highly heat-resistant according to Mercer et al. (2015). To
compare all reductions, standard deviations among duplicates within a
heating method and correlation of the D4, values generated across
methods were determined using mixed model and correlation analyses
in SAS (version 9.4, Cary, NC, USA). A significance level of 0.05 was
used for all analyses.

3. Results
3.1. Come up times

The come up times for media in microtubes in the water bath ranged
between 3.4 and 3.6min. In contrast, twelve and nine wells of
Thermomixer® C and Thermomixer® R, respectively, either failed to
heat the media in tubes placed in these wells up to 60 °C within 30 min
or showed a large variability between repeated measurements, i.e. the
standard deviation among triplicates was larger than 1 min (Fig. 1). The
come up time for media in microtubes in the remaining wells ranged
from 4.3 to 8.3 min and from 4.3 to 18.9 min for heating blocks R and C,
respectively. For subsequent studies, the Eppendorf Thermomixer R was
chosen. Wells failing to reach 60 °C when the temperature was set to
60 °C or showing > 1 min standard deviation among the duplicates
were excluded from further use (Fig. 1).

A) Thermomixer® C

7 8 9

B) Thermomixer® R
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3.2. Heat resistance measured by water bath

After heat treatment at 60 °C for 6 min, the reductions in cell counts
ranged from 0.72 to 8.03 log CFU/mL and Dg, ranged from 0.75 to
8.30 min (Table 1). The median and mean of cell reduction was 3.21
and 3.81 CFU/mL, respectively (Fig. 2). Among duplicates, the standard
deviation at TO and T6 was 9.09 and 4.93, CFU/mL respectively
(Table 2). The positive control E. coli AW1.7 was the only isolate with
high thermal-resistance. Other LHR-positive isolates were either clas-
sified as moderately heat-resistant (n = 16) or heat-sensitive (n = 1).
Most LHR- negative isolates were generally heat-sensitive except for
three isolates which were moderately heat-resistant. According to the
results from the water bath method, heat resistance (Dgp) of E. coli was
increased (P < .05) by the presence of the LHR.

3.3. Heat resistance measured by thermomixer® R

The seven wells (green zone in Fig. 1B) in Thermomixer R with
relatively lower come up times were used for the heat resistance tests.
The reductions after thermal treatment at 60 °C for 6 min ranged from
0.60 to 7.35 log;o CFU/mL (Table 1). The median cell reduction was
2.42 logio CFU/mL and averaged 2.82 log;o CFU/mL (Fig. 2), ap-
proximately 1 log;o CFU/mL lower than that from the water bath
method (P < .05). There was no difference in standard deviation
among duplicates at TO using the water bath or heating block methods,
but the standard deviation among duplicates at T6 was higher
(P < .05) using the heating block as compared to the water bath
(Table 2). Using the heating block, D4y values ranged from 0.82 to
9.92 min (Table 1). In contrast to the water bath method, the positive
control E. coli AW1.7 showed only moderate thermal-resistance and
three strains without the LHR were highly thermal-resistant. For four
isolates, it was not possible to determine D¢y because there was no
reduction in cell numbers after 6 min at 60 °C. Only one isolate with the
LHR had high thermal-resistance. All 17 other strains with LHR were
classified as moderately thermal-resistant and seven strains lacking the
LHR were also moderately thermal-resistant. The Dy, rank for heat re-
sistance among isolates using both the water bath and heating block
methods is shown in Table 1. Using the heating block method, presence
of the LHR did not affect Dy values (P > .05).

4. Discussion
4.1. Heating block vs water bath for determining bacterial heat resistance

Other heating block systems have been designed to measure thermal
inactivation of bacteria in liquid, semi-solid and solid foods (Chung
et al., 2008; Jin et al., 2008; Yuk et al., 2009; Kou et al., 2016). These
heating blocks are also made of aluminum and were developed to
provide uniform heating, good control of heating rates and short come
up times to accurately determine bacterial heat resistance in foods. In
contrast to thermomixers where there are multiple wells, these other
heating block systems (Chung et al., 2008; Jin et al., 2008; Yuk et al.,
2009; Kou et al., 2016) have a few cells designed to put samples directly
in contact with aluminum, thus increasing thermal conductivity. The
thermomixers evaluated in the present study were not designed to de-
termine bacterial heat resistance and were functioning within

Fig. 1. Come up times to 60 °C for wells in two
heating blocks when heating 1.5mL Luria Bertani
6 broth in 2 mL Eppendorf tubes.
10 11 12 Legend: RED wells either failing to heat media to

13 14 15

16 17 13 60 °C within 30 min or showing a > 1-min standard

24 deviation (SD) among the replicates. GREEN: wells
with mean come up time < 5min) and a
SD < 1min. WHITE, wells mean come up time >
5min and a SD < 1 min.
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Heating block
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Fig. 2. Log Reductions of 35 strains of E. coli after treatment at 60 °C for 6 min in water bath and heating block. Boxes indicate ranges of results for log reduction, line

inside of box indicate median, “x

” marks indicate average and whiskers indicate the lowest and highest data points.

Table 2

Reduction (log CFU/mL) of E. coli after heat at 60 °C for 6 min treatment using two different methods.
Method Strains Reduction’ Median” cv? STDEV T0" STDEV T6> Dgo®
Water bath 35 0.75-8.30 3.21 A 58 A 9.09 + 8.74A 4.93 + 5.57A 2.49 + 1.96A
Heating block 35 0.82-9.92 2.42B 116 B 14.23 * 12.9A 33.87 + 38.4B 4.06 + 6.05B

ABMeans within a column with different letters differ, (P < .05).
! Cell count Log (cfu/mL) after 60 °C / 6 min.
2 Median values.
3 Coefficient of variation.

4 Standard deviation average “Time 0” Log (cfu/mL) after reaching a temperature of 60 °C.

5 Standard deviation average “Time 6” Log (cfu/mL) after 60 °C for 6 min.
© Do values average.

manufacturer's specifications. According to Thermo Fisher Scientific
(2007), Eppendorf Thermomixer® R has a within well temperature ac-
curacy + 2.0°C at temperatures > 45°C and a heating rate of ap-
proximately 5 °C/min in empty wells, which would be reduced in tubes
containing media.

Comparing the two heating methods, the heating block had a higher
come up time (5.2min) than water bath (3.5min). According to
Buchner et al. (2012), devices used to determine heat resistance of
bacteria need a short come up time to avoid thermal adaptation of
bacteria and isothermal conditions for uniform sample temperature
distributions. With the heating block, the standard deviation among
duplicates at T6 was approximately 10 x higher than for the water bath,
(P < .05) as well as having a longer come up time, which would have
resulted in slower heating during the incubation period. Slow heating
rates have often resulted in enhanced heat resistance of bacteria as
determined by higher D-values at the same target temperatures due to a
prolonged time in sub-lethal temperatures (Chung et al., 2007; Chung
et al., 2008; Yuk et al., 2009). These differences in bacterial heat re-
sistance are likely the result of acclimation and physiological adjust-
ment during the slower heating, and most probably caused by the
production of heat shock protein (Wiegand et al., 2009; Urban-Chmiel
et al., 2013; Kou et al., 2016).

Generally, more than two time points are used to calculate Dy, va-
lues, which was not possible in the present study after splitting the
overnight culture between the two heat treatments. Dgo values were
estimated only to demonstrate the magnitude of changes possible in this
measurement from minor changes in heating methodology. It was not
possible to estimate D¢, value for all isolates in the heating block, be-
cause 4 isolates actually had increased cell numbers after 6 min at 60 °C
(Table 1). This likely occurred due to sub-lethal temperature in the
wells used for those isolates. Even though wells in the heating block
with slower heating and increased variation among duplicates were not
used, this situation could not be controlled. In contrast, using the water
bath method it was possible to estimate D¢, values for all isolates and
the water bath also showed less variability among duplicates than the

heating block (Fig. 2, Table 1, and Table 2). These results are most
likely related to the stability and uniformity of the temperature of the
water bath, with manufacturer's specifications of + 0.2°C, for tem-
peratures up to 70 °C (Thermo Scientific, 2015).

The Pearson correlation coefficient (r) between water bath and
heating block Dy values was — 0.07, revealing that there was no sig-
nificant relationship between results of the two methods. As our find-
ings indicate that the water bath method generates more consistent data
than did the heating block, the water bath method should be used in
future E. coli heat-resistance studies to avoid inflation of Dg, values and
overstating the risk to public health.

4.2. Impacts of the LHR

The strains with LHR did not differ in Dgy when evaluated by
heating block and water bath (P = .068), but for strains without the
LHR D, values were higher in the heating block than in water bath
(P < .001). The heating block results disagree with previous studies
(Mercer et al., 2017; Mercer et al., 2015; Dlusskaya et al., 2011) which
demonstrated that the presence of the LHR led to increased heat re-
sistance. With the longer come up time of the heating block, highest
heat resistance was due to unknown mechanisms, as all isolates with
high heat resistance were LHR-negative. Multiple mechanisms are
known to be responsible for heat resistance in E. coli (Mercer et al.,
2015; Li and Ganzle, 2016) and it was only with the rapid and con-
sistent heating of the water bath method that the superior heat re-
sistance of LHR-positive isolates was revealed.

Considering water bath results, most E. coli harboring the LHR had
moderate heat resistance and one LHR-positive isolate was heat-sensi-
tive (Table 1). These findings demonstrate that the presence of the LHR
in E. coli does not guarantee that strains will display a phenotype of
high heat-resistance. Other studies have associated the presence of the
LHR with high heat-resistance in E. coli (Mercer et al., 2017; Mercer
et al., 2015; Dlusskaya et al., 2011), but much of this work has focused
on isolate AW1.7 which also showed high heat-resistance in the present
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study.

Previous studies of E. coli AW1.7 have demonstrated that the LHR
encodes small heat shock proteins (Orf2 and Orf7), proteins with un-
known function (Orf8 and Orf9), heat shock proteases (Orf3, Orfl5 and
Orf 16), thioredoxin (Orfl2), and a sodium/hydrogen antiporter
(Orf13) which may contribute to turnover of misfolded or aggregated
proteins, the osmotic stress response and mitigate oxidative stress
(Mercer et al., 2015; Li and Ganzle, 2016). These LHR-encoded effects
are species specific, and high heat-resistance in E. coli necessitates heat
shock proteins acting in concert with other biochemical functions (Li
and Ganzle, 2016). Accordingly, the results of the present study in-
dicate that individual E. coli strains carrying the LHR can display phe-
notypes ranging from high heat-resistance (AW1.7), to sensitive.

Considering water bath results only, LHR-positive strains generally
exhibited moderate heat resistance, similar to that of some other strains
lacking the LHR (Table 1). Accordingly, mechanisms other than the
LHR provided phenotypic heat resistance equal to that of the LHR, with
the resistance of AW1.7 atypical. The mechanisms used by these non-
LHR carrying isolates are unknown, but will be investigated in a sub-
sequent study.

5. Conclusions

The method chosen to evaluate heat resistance of E. coli can dra-
matically influence results. We did not find a significant correlation
between Dg, values for the same isolate determined by water bath and
heating block methods. We also found that the water bath method
generates more reliable and consistent heat-resistance data and should
be used in future evaluations of heat resistance in E. coli. Based on the
range in heat resistance exhibited by isolates carrying the LHR in the
present study, PCR screening for the LHR would be of limited value in
predicting thet E. coli strains displaying a highly heat-resistant pheno-
type. Additional assays are required to identify LHR-positive and LHR-
negative isolates with high phenotypic heat resistance.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

CAPES/Brazil, Visiting Professor, Process: PVEX-88881.169965/
2018-01. Additional funding from the Beef Cattle Research Council,
Canada. Grant # FOS.01.17. Many thanks to Yidong Graham, Frances
Tran, Allison McNaughton, Susanne Trapp and Homayoun Zahiroddini
for technical assistance.

References

Aslam, M., Greer, G., Nattress, F., Gill, C., McMullen, L., 2004. Genotypic analysis of
Escherichia coli recovered from product and equipment at a beef-packing plant. J.
Appl. Microbiol. 97, 78-86. https://doi.org/10.1111/j.1365-2672.2004.02277 x.

Buchner, C., Thomas, S., Jaros, D., Rohm, H., 2012. Fast-responding thermal-death-time
tubes for the determination of thermal bacteria inactivation. Eng. Life Sci. 12,
109-112. https://doi.org/10.1002/elsc.201100041.

Chung, H.J., Wang, S., Tang, J., 2007. Influence of heat transfer with tube methods on

Journal of Microbiological Methods 164 (2019) 105679

measured thermal inactivation parameters for Escherichia coli. J. Food Prot. 70,
851-859.

Chung, H.J., Birla, S.L., Tang, J., 2008. Performance evaluation of aluminum test cell
designed for determining the heat resistance of bacterial spores in foods. LWT Food
Sci. Technol. 41, 1351-1359. https://doi.org/10.1016/j.1wt.2007.08.024.

Conrad, C.C., Stanford, K., McAllister, T.A., Thomas, J., Reuter, T., 2014. Further de-
velopment of sample preparation and detection methods for 0157 and the top 6 non-
0157 STEC serogroups in cattle feces. J. Microbiol. Methods 105, 22-30. https://doi.
org/10.1016/j.mimet.2014.06.020.

Dlusskaya, E.A., McMullen, L., Ganzle, M.G., 2011. Characterization of an extremely heat-
resistant Escherichia coli obtained from a beef processing facility. J. Appl. Microbiol.
110, 840-849. https://doi.org/10.1111/J.1365-2672.2011.04943.x.

Garcia-Hernandez, R., McMullen, L., Ganzle, M.G., 2015. Development and validation of
a surrogate strain cocktail to evaluate bactericidal effects of pressure on verotoxi-
genic Escherichia coli. Int. J. Microbiol. 205, 16-22. https://doi.org/10.1016/j.
ijfoodmicro.2015.03.028.

Gill, A., Tamber, S., Yang, X., 2019. Relative response of populations of Escherichia coli
and Salmonella enterica to exposure to thermal, alkaline and acidic treatments. Int. J.
Food Microbiol. 293, 94-101. https://doi.org/10.1016/j.ijfoodmicro.2019.01.007.

Greig, J.D., Ravel, A., 2009. Analysis of foodborne outbreak data reported internationally
for source attribution. Int. J. Food Microbiol. 31, 77-87. https://doi.org/10.1016/j.
ijfoodmicro.2008.12.031.

Jin, T., Zhang, H., Boud, G., Tang, J., 2008. Thermal resistance of Salmonella enteritidis
and Escherichia coli K12 in liquid egg determined by thermal death time disks. J. Food
Eng. 84, 608-614. https://doi.org/10.1016/j.jfoodeng.2007.06.026.

Klaiber, R.G., Baur, S., Wolf, G., Hammes, W.P., Carle, R., 2005. Quality of minimally
processed carrots as affected by warm water washing and chlorination. Innov. Food
Sci. Emerg. Technol. 6, 351-362. https://doi.org/10.1016/j.ifset.2005.03.002.

Kou, X.X., Li, R., Hou, L.X., Huang, Z., Ling, B., Wang, S.J., 2016. Performance of a
heating block system designed for studying the heat resistance of bacteria in foods.
Nat. Sci. Rep. 6, 30758. https://doi.org/10.1038/srep30758.

Li, H., Ganzle, M., 2016. Some like it hot: heat resistance of Escherichia coli in food. Front.
Microbiol. https://doi.org/10.3389/fmicb.2016.01763.

Liu, Y., Gill, A., McMullen, L., Ganzle, M.G., 2015. Variation in heat and pressure re-
sistance of verotoxigenic and nontoxigenic Escherichia coli. J. Food Prot. 78, 111-120.
https://doi.org/10.4315/0362-028X.JFP-14-267.

Mercer, R.G., Zhang, J., Garcia-Hernandez, R., Ruan, L., Ganzle, M.G., McMullen, L.,
2015. Genetic determination of heat resistance of E. coli. Front. Microbiol (doi
10:3389/fmicb2015.00932).

Mercer, R., Nguyen, O., Qixing, O., McMullen, L., Ganzle, M.G., 2017. Functional analysis
of genes comprising the locus of heat resistance in Escherichia coli. Appl. Environ.
Microbiol. 83, 1400-1417. https://doi.org/10.1128/AEM.01400-17.

Rajic, A., Waddell, L.A., Sargeant, J.M., Read, S., Farber, J., Firth, M.J., Chambers, S.A.,
2007. An overview of microbial food safety programs in beef, pork, and poultry from
farm to processing in Canada. J. Food Prot. 70, 1286-1294. https://doi.org/10.4315/
0362-028X-70.5.1286.

Thermo Fisher Scientific, 2007. Eppendorf Thermomixer Comfort/Thermomixer R
Operating Manual. Access on 2019 — 05 — 23. http://www.manualsdir.com/
manuals/551370/eppendorf-thermomixer-r-thermomixer-comfort.html?original = 1,
Accessed date: 9 July 2019.

Thermo Fisher Scientific, 2015. Isotemp Water Baths Fisher Scientific. Access on 2019 —
05 — 24. Available: https://assets.thermofisher.com/TFS-Assets/CMD/brochures/BN-
0728153-Isotemp-Water-Baths-BN0728153-EN.pdf, Accessed date: 9 July 2019.

Thomas, M.K., Murray, R., Flockhart, L., Pintar, K., Fazil, A., Nesbitt, A., Marshall, B.,
Tataryn, J., Pollari, F., 2015. Estimates of foodborne illness-related hospitalizations
and deaths in Canada for 30 specified pathogens and unspecified agents. Foodborne
Path. Dis. 12, 820-827. https://doi.org/10.1089/fpd.2015.1966.

Urban-Chmiel, R., Dec, M., Puchalski, A., Wernicki, A., 2013. Characterization of heat-
shock proteins in Escherichia coli strains under thermal stress in vitro. J. Med.
Microbiol. 62, 1897-1901. https://doi.org/10.1099/jmm.0.064857-0.

Wiegand, K.M., Ingham, S.C., Ingham, B.H., 2009. Survival of Escherichia coli 0157:H7 in
ground beef after sublethal heat shock and subsequent isothermal cooking. J. Food
Protect. 72, 1727-1731. https://doi.org/10.4315/0362-028X-72.8.1727.

Woodward, D.L., Clark, C.G., Caldeira, R.A., Ahmed, R., Rodgers, F.G., 2002.
Verotoxigenic Escherichia coli (VTEC): a major public health threat in Canada. Can. J.
Infect. Dis. 13, 321-330. https://doi.org/10.1155/2002/383840.

Yeni, F., Yavas, S., Alpas, H., Soyer, Y., 2015. Most common foodborne pathogens and
mycotoxins on fresh produce: view of recent outbreaks. Crit. Rev. Food Sci. Nutr. 56,
1532-1544. https://doi.org/10.1080/10408398.2013.777021.

Yuk, H.G., Geveke, D.J., Zhang, H.Q., Jin, T.Z., 2009. Comparison of aluminum thermal-
death-time disks with a pilot-scale pasteurizer on the thermal inactivation of
Escherichia coli K12 in apple cider. Food Control 20, 1053-1057. https://doi.org/10.
1016/j.foodcont.2008.12.009.



