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INTRODUCTION

Outbreaks and recalls associated with pathogenic salmonella 
have been widely reported in dry foods, such as sesame seeds 

(Brockmann et al., 2004), spices such as paprika and pepper 
(Van Doren et al., 2013) and almonds (Isaacs et al., 2005). 
As a result, the US Department of  Agriculture (USDA) 
regulations mandate that these agricultural products must be 
subjected to pasteurization processes to reduce pathogens 
to a reasonably acceptable level (Anon, 2007). Thermal 
treatments have been proposed as a promising technology 
for pathogen controls in postharvest agricultural products 
with a long and stable shelf  life since they are relatively easy 
to apply, leave no chemical residues, and may offer some 
fungicidal activity (Chang et al., 2010; Liu et al., 2011).

The target pathogen cannot be directly used to conduct 
thermal pasteurization validation tests in food processing 
plants because of  critical safety requirements for operators, 

the product and the processing environment. Using a 
surrogate microorganism is an alternative way for process 
validations, but its thermal tolerance must be known 
to assure it behaves similarly to the targeted pathogen. 
Escherichia coli ATCC 25922 is nonpathogenic and has 
been recommended as a surrogate species of  pathogenic 
Salmonella for validation of  thermal pasteurization (Eblen 
et al., 2005). It is important to determine the thermo-
tolerance of  the surrogate E. coli for developing effective 
thermal treatments.

The thermo-tolerance of  microorganisms is influenced 
by several factors, such as growth phase (Martinez et al., 
2003), food composition (Juneja et al., 1998; Konate et al., 
2014) and preconditioning temperatures (Juneja et al., 1998; 
Wiegand et al., 2009). As compared to real products, a broth 
culture as heating medium is widely used to determine the 
heat resistance of  pathogens (Shenoy and Murano, 1996; 
Juneja et al., 2001), since it provides fast and uniform 
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heating to achieve isothermal conditions and may represent 
their intrinsic heat resistance characteristics in real food 
(Leguerinel et al., 2007).

Thermal pasteurization protocols are developed based 
on the thermal resistance of  pathogens under laboratory 
conditions. Deviation of  harvest and storage conditions 
from room temperature prior to treatments may alter the 
treatment efficacy because the minimum time-temperature 
combinations required to reduce pathogen populations may 
change with pre-treatment conditions at sub-lethal warm 
temperatures (Juneja et al., 1998; Wiegand et al., 2009). 
Enhanced thermo-tolerance is related to the heat shock 
protein (HSP) induction (Schumann, 2003; 2007). For 
example, a 25 min heat shock at 46 °C for E. coli O157:H7 in 
beef  gravy results in an increase in the levels of  the 69 kDa 
DnaK and 60 kDa GroEL proteins (Juneja et al., 1998), which 
are classified as HSP70 and HSP60, respectively (Tobian et al., 
2004). When subjected E. coli to 41.5 °C for 2 h heat shock, 
their HSP70 and HSP60 levels clearly increased (Urban-
Chmiel et al., 2013). After heat shock of  Salmonella enteritides 
ATCC 4931 at 42 °C for 60 min, seven increased proteins at 
different molecular weights are observed (Xavier and Ingham, 
1997). The relative mRNA levels and HSP have been analyzed 
by real-time quantitative RT-PCR (Real-time PCR), sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE), and Western-blot (Juneja et al., 1998; Urban-Chmiel 
et al., 2013). The roles of  these proteins are to protect the 
cells against damage from high temperatures and to aid in 
recovery once the stress is removed (Richter et al., 2010). 
It is, therefore, important to determine the enhanced heat 
resistance of  pathogens as affected by various pre-treatment 
conditions due to the induction and synthesis of  HSP.

An aluminum test cell has been developed and applied 
for providing close to ideal isothermal conditions and 
reliable thermal death kinetic data of  target pathogens 
(Chung et al., 2008). This test cell is designed for rapid 
heating of  dry samples in water baths and allows easy 
loading and unloading of  samples in a hermetically sealed 
cavity to evaluate the thermal resistance of  vegetative cells 
and spores. This test cell has been successfully used to 
determine the D- and z-values of  Salmonella, E. coli K12, 
and Clostridium sporogenes PA 3679 spores in liquid eggs, 
almonds, phosphate buffer and mashed potato (Chung 
et al., 2008; Jin et al., 2008; Villa-Rojas et al., 2013). All 
of  the previous research used aluminum test cells for 
determining the D- and z-values of  bacterial, but there is 
no report for determining the D-, z-values of  bacterial and 
relative mRNA levels of  E. coli HSP 70 expression after 
previous heat shock treatment by using aluminum test cells.

The objectives of  this study were to (1) determine D- and 
z-values for E. coli ATCC 25922 in broth culture at three 

temperatures using aluminum test cells, (2) obtain D-values 
and relative mRNA levels of  E. coli HSP 70 expressions at 
60 °C after heat shock at 40, 45 and 50 °C for various times, 
(3) analyze relative mRNA levels of  heat shocked E. coli at 
45 °C for 5 min when recovered at 4, 15 and 30 °C for various 
times by using real-time quantitative RT-PCR, and (4) examine 
the level of  heat shock protein after preconditioning at 45 °C 
for 5 min using SDS-PAGE and Western blot analysis.

MATERIALS AND METHODS

Preparation of cell suspension
The material was the Escherichia coli ATCC 25922 strains. 
It was obtained from the College of  Food Science and 
Engineering, Northwest A&F University (Yangling, 
China). Stock cultures were made in Luria-Bertani broth 
(LB: Beijing Land Bridge, Beijing, China) and stored 
at -20 °C with 15% (vol/vol) glycerol. Stock cultures were 
allowed to thaw at room temperature for 5 min. A loopful 
was then streaked onto LB agar and incubated at 37 °C 
for 24 h. A single colony was streaked onto LB agar and 
incubated at 37 °C for 24 h. Then, a signal colony was 
transferred into 30 ml LB broth and incubated for 24 h at 
37 °C. Finally, 3 ml bacterial suspension was transferred 
to 300 ml LB broth and incubated again at 37 °C for 24 h. 
The cell population was adjusted to a level of  109 CFU/ml.

Heating apparatus
To investigate the thermal resistance of  E. coli ATCC 
25922, the aluminum test cell developed at Washington 
State University (Chung et al., 2008) was used. This test cell 
consisted of  a base and a screw-up cap with O-ring between 
the two parts for hermetical sealing. The cavity of  this test 
cell was 18 mm in diameter and 4.5 mm height, providing 
1.28 ml sample space. A pre-calibrated Type-T thermocouple 
(TMQSS-020-6, Omega Engineering Ltd., CT, USA) was 
installed in the center of  the test cell to measure the core 
temperature of  the sample, which was recorded every 
second by a data logger (CR1000, Campbell Scientific Inc., 
Logan, Utah, USA). The time/temperature history was 
measured for each run using a non-inoculated sample (Luria-
Bertani broth), and recorded in a computer. The recorded 
temperature-time history was used to determine the come-up 
time for each of  three target temperatures. Before each use, 
the test cells were sanitized according to Jin et al., (2008).

Effects of experimental conditions on the microbial 
thermo-tolerance
Heat treatment
One ml of  E. coli ATCC 25922 bacterial suspensions with 
109 CFU/ml cell populations was placed inside each test 
cell. Hermetically sealed test cells were then submerged 
completely in a water bath (SC-15, Scientz Biotechnology, 
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Ningbo, China). The temperature of  the water bath was 
controlled at 57, 60 or 63 °C. The come-up time for the test 
cell core to reach within 0.5 °C of  each set-point temperature 
was determined and used as time zero to provide close-to-
ideal isothermal conditions. Test cells were removed at five 
different time intervals, depending on the temperature, to 
achieve at least 5-log reductions. After holding, the test cells 
were immediately placed in an ice-water bath until further 
analysis was performed. As controls, samples in the test cells 
were treated in the same way for the longest holding time 
without heating. All the experiments were repeated three 
times. The semi-log plot of  microbial survival curves was used 
to determine D-value (decimal reduction time) and z-value 
(temperature changes needed for 90% reduction in D-values).

Heat shock
One ml of  E. coli ATCC 25922 bacterial suspensions was 
transferred to each test cell, then heat shocked at 40, 45 or 
50 °C temperature controlled water bath for 2, 5, 8 or 11 min, 
and the total test combinations were 12 treatment conditions. 
After heat shocking, test cells were immediately cooled in ice 
water. Thereafter, test cells were then submerged completely 
in a water bath at 60 °C. After holding for 0-5 min, duplicate 
test cells were removed from the water bath and immediately 
immersed in an ice-water bath until further analysis was 
performed. A sample from the test cell that was not exposed 
to heat shock served as an untreated control.

Recovery tests
Test cells containing 1 ml of  E. coli ATCC 25922 bacterial 
suspensions were sealed and then heat shocked at 45 °C 
for 5 min, and subsequently stored at 4, 15 or 30 °C for 
4, 8, 14, 24 or 32 h, all of  these stored conditions were 
15 combinations test. After each storage period, real-time 
PCR was conducted to detect the relative expression levels 
of  E. coli ATCC 25922 mRNA.

Microbiological enumeration
One ml of  E. coli ATCC 25922 bacterial suspensions was 
taken from test cells and then washed by using 1 ml sterile 
physiologic saline. Subsequent 10-fold serial dilutions were 
performed in 4.5 ml of  sterile physiologic saline; 100 μl of  
each one was spread onto duplicated LB agar and incubated 
at 37 °C for 24 h, and cultures were counted to enumerate 
the plates with 30-300 colonies.

RNA isolation, reverse transcription and real-time PCR
After heat shock at temperatures of  40, 45 and 50 °C for 
various times, the total RNA from the cell suspension 
was extracted by using RNAiso Plus (TaKaRa, Dalian, 
China) following the manufacturer’s instructions. The 
RNA concentration and purity were determined from 
measuring the optical density (OD) at 260 and 280 nm 
wavelengths using an Epoch microplate spectrophotometer 

(BioTek Instruments. Inc., USA). The OD260/280 
ratios were from 1.8 to 2.1 for all samples. A 500 ng total 
RNA template was used to convert mRNA into cDNA 
using a Prime ScriptTM RT Master Mix (TaKaRa, Dalian, 
China) according to the manufacturer’s instructions. Real-
time PCR was then performed using a CFX Connect™ 

Real-Time PCR Detection SystemiCycler iQ5Real-time 
Detection System (Bio-Rad, CA, USA). For normalization, 
16s-rRNA was employed. Each experiment was repeated 
independently at least three times, and the fold change in 
the expression of  DnaK gene was analyzed via a 2−ΔΔCt 
method (Schmittgen and Livak, 2008). The primers for 
real-time PCR corresponding to each gene were designed 
using Primer 5.0 software and listed in Table 1.

In a series of  recovery experiments, E. coli ATCC 25922 
was heated at 45 °C for 5 min and subsequently stored at 
4, 15 or 30 °C for 4, 8, 14, 24 or 32 h. After each storage 
period, Real-time PCR was conducted to detect the 
relative expression levels of  E. coli ATCC 25922 mRNA. 
For protein analysis, 1 ml aliquots from each sample were 
collected and centrifuged; 1 ml aliquots from cells that had 
not been heat-shocked were also harvested to serve as a 
negative control. The cells were re-suspended in 200 μl 
of  SDS-PAGE sample buffer, boiled for 5 min, and then 
carried out in a 5–10% polyacrylamide gel gradient in 
standard Tris/glycine chamber buffer (0.025 M Tris/HCl, 
0.129 M glycine, 0.1% SDS) at 100 V in a Mini-Protean 
II apparatus (Bio-Rad). Broad range (6.5–200 kDa; Bio-
Rad) was used as a molecular mass standard. Pictures were 
taken using a digital camera and the bands determined by 
comparison with molecular weight of  the standards.

Western blot analysis
Western blotting with mouse anti-Hsp70 (LSBio) mAbs 
was used for identified protein fractions in cell lysates. 
The protein fractions obtained in electrophoresis were 
transferred to a 0.2 mm nitrocellulose membrane (Bio-Rad), 
described by Towbin et al., (1979). The membranes were 
incubated in blocking buffer with 5% non-fat milk for 1 h at 
room temperature, then washed twice in TBST buffer (TBS 
with 0.05% Tween 20, pH 7.5). The membranes were then 
incubated at 4 °C in mouse anti-Hsp70 overnight, washed 
with TBST and incubated for 60 min at room temperature 
with horseradish-peroxidase-conjugated mouseanti-IgG 

Table 1: Sequences of primers for real‑time PCR used in this 
study

Gene Sense 
antisense

Primer sequence Size (bp)

DnaK Sense TCTGGTTGGTCAGCCGGCTAA 158
Antisense CGTCGCCGTTATCAGCAGCAA

16srRNA Sense TGCCATCGGATGTGCCCAGAT 173
Antisense CATCAGGCTTGCGCCCATTGT

All primers were synthesized by Invitrogen Biotech Co., Ltd. (Beijing, China)
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antibodies (Biokom). The membranes were stained using 
a color development kit (Bio-Rad). Analysis was conducted 
using Quantity One software (Bio-Rad).

Statistical analysis
D-values and relative mRNA level of  DnaK expressions 
in E. coli ATCC 25922 from heat shock cells subjected 
to heat treatment with three independently replicated 
experiments were determined. Data were analyzed using the 
Statistical Product and Service Solutions (SPSS statistical 
software version 17.0). The Duncan multiple range test was 
used as post hoc determination of  significant differences 
(P < 0.05). The Z-values were determined from the 
reciprocal of  the slope obtained by plotting the log of  the 
D-values against exposure temperatures.

RESULTS AND DISCUSSION

Heat resistance of E. coli at three temperatures
A typical temperature-time history and survival curves for E. 
coli ATCC 25922 in test cell subjected to a water bath at 57, 60, 
and 63 °C are shown in Fig. 1. The sample core temperatures 
reached the set-point quickly, resulting in the similar come-up 
times of  20 s for three temperatures and providing close to 
ideal isothermal conditions. This come-up time was similar to 
that of  mashed potato in a capillary tube (Chung et al., 2008), 
but shorter than those of  mashed potato in glass tubes and 

of  almond kernels in the same cell (Villa-Rojas et al., 2013) 
caused by poor heat conduction in solid materials. After 
short coming up times, the initial reduction of  E. coli was 
negligible based on small intercepts of  the linear regression 
equations. The time to reduce 4-log populations was 4.5, 2.8 
and 1.5 min at 57, 60 and 63 °C, respectively, indicating that 
D-values of  E. coli ATCC 25922 decreased as the temperature 
increased from 57 to 63 °C, resulting in z-value of  13.3 °C. 
This decreasing trend of  D-values has been observed in other 
studies (Rajkowski, 2012).

Effect of heat shock on the heat resistance of E. coli
The D-values and relative mRNA level of  DnaK expression 
of  E.coli ATCC 25922 at 60 °C after heat shocking at three 
given temperature/time combinations are listed in Table 2. 
The results showed that the maximum D-value appeared 
after heat shocking at 45 °C for 5 min. The significant 
difference in D-value (p<0.05) was observed between 
40 and 45°C for heating 5 min, between 45 and 50°C for 
heating 2 and 8 min, or between 5 min heating and other 
durations at 45°C. The enhanced thermo-tolerance was 
also found in E. coli O157:H7 in trypticase soy broth, 
L. monocytogenes Scott A in trypticase soy + 0.6 % yeast 
extract broth and E. coli ATCC 25922 in nutrient broth 
after heat shock treatments (Gadzella and Ingham, 1994; 
Linton et al., 1992; Murano and Pierson, 1992; Yuk and 
Marshall, 2003). From a food safety standpoint, therefore, 

Table 2: D‑values (Mean±SD) and relative mRNA level of DnaK expressions (Mean±SD) of Escherichia coli ATCC 25922 at 60°C 
after heat shock at three given temperatures for various times
Duration of heat shock
(min)

D‑value (min) after following heat shock 
temperatures ( °C)

mRNA levels after following heat shock 
temperatures ( °C)

40 45 50 40 45 50
0# 0.78±0.01aA* 0.77±0.01aA 0.79±0.01aA 0.489±0.03aA* 0.492±0.03aA 0.490±0.03aA
2 0.91±0.02bA 0.92±0.02bA 1.03±0.02cB 0.581±0.03bA 0.798±0.02bB 4.805±0.06bC
5 0.92±0.02bA 1.25±0.03cB 1.19±0.03dB 0.795±0.02cA 16.91±0.05cB 8.406±0.13cC
8 1.01±0.03cAB 0.96±0.02bA 1.05±0.02cB 1.226±0.04dA 2.947±0.05dB 5.048±0.08dC
11 0.95±0.04bcA 0.94±0.02bA 0.91±0.04bA 1.048±0.02eA 1.976±0.03eB 0.593±0.03eC
#0 means non‑heat shock treatment and was used as a control group. *Different lower and upper case letters indicate that means are significantly different at 
P=0.05 among duration of heat shock and heat shock temperatures, respectively

Fig 1. A typical temperature-time history (a) and survival curves (b) for E. coli ATCC 25922 in the test cell center subjected to a water bath  
at 57, 60, and 63 °C.

ba
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heat-shocked cells need to be heated for longer time or 
higher temperature to achieve the same lethal level required 
by non-heat-shocked cells (Farber and Pagotto, 1992). The 
trend of  relative mRNA level as a function of  heat shock 
temperature and time was observed to be similar to that 
of  D-values. The highest relative mRNA level of  HSP 70 
expressions of  E. coli ATCC 25922 was also observed at 
45 °C for 5 min. This indicated that after heat stress, the 
relative mRNA level of  HSP 70 expression increased, 
since high temperatures might enhance the activity of  
transcription factors, thus strengthen the synthesis of  the 
relative mRNA level of  HSP 70 expression (Craig et al., 
1991; Gabai et al., 1997).

Recovery characteristics of E. coli after removing 
heat shock
Relative mRNA levels of  DnaK expression of  E. coli ATCC 
25922 when stored at 4, 15 and 30 °C for various times 
after heat shocked at 45 °C for 5 min shown in Fig. 2, which 
was the most heat resistant conditions. The results show 
that the relative mRNA level decreased after 4 h storage 
at 30 °C but 8 h at 4 °C and 15 °C and reached the level 
below the control after 24 h. After storage at cold or room 
temperatures for a day, the enhanced thermo-tolerance 
of  E. coli ATCC 25922 could be eliminated since the 
relative mRNA levels dropped down to less than that of  
controls. This study underlines the importance of  keeping 
contaminated agricultural products in a room temperature 
condition for a period of  time to avoid pretreatment 
conditioning. These findings are in agreement with that 
reported by Jørgensen et al., (1999) who indicated that 
heat-shock-induced thermo-tolerance of  L. monocytogenes 
in tryptic phosphate broth was maintained for a longer 
time at 4 and 10 °C than stored at 30 °C. However, the 
shorter storage duration at higher temperatures to reduce 
the heat shock proteins is different from that found by 
Juneja et al., (1998) and Auffray et al., (1995) in which 
E. coli O157:H7 cells in beef  lost their thermo-tolerance 
after 14 h at 4 °C and after 24 h in beef  at 15 or 28 °C. 
The persistence of  heat-shock-induced thermo-tolerance 
may be due to different metabolic states of  the tested cells 
(Lindquist, 1986).

Levels of heat shock protein synthesis
To determine whether the heat shock treatment used in 
the present study resulted in an increase in the levels of  
any major heat-shock protein (Hsp), the protein patterns 
of  E. coli ATCC 25922 both in control cells and heat 
shocking at 45 °C for 5 min were compared following 
electrophoresis. Because heat-inducible members of  
HSP 70 family (DnaK) play an important role in thermo-
tolerance (Schumann, 2003) meanwhile DnaK can 
prevent protein aggregation and promote renaturation 
at high temperatures (Isaacs et al., 2005). Thus in our 

experiment thermo-tolerance of  E. coli ATCC 25922 
after heat shock accompanied by the induction of  HSP 
70 was determined. (Fig. 3a) shows that the level of  one 
protein with an apparent molecular mass of  approximately 
69 kDa was found both in heat-shocked and control cells, 
but the level of  69 kDa protein in heat-shocked cells was 

Fig 2. Relative mRNA levels of DnaK expressions of E. coli ATCC 
25922 when stored at 4, 15 and 30 °C for various times after heat 
shocked at 45 °C for 5 min. Error bars show the standard error of the 
means. Real-time PCR data were obtained as Ct values and amounts 
of DnaK mRNA were normalized to 16s-rRNA. Control means after 
heat shocked at 45 °C for 5 min. Different letters indicate that means 
in control are significantly different at P=0.05 from treatments.

Fig 3. SDS‑PAGE protein profiles of the E. coli ATCC 25922 strains 
(a) and Western-blot reactions of E. coli ATCC 25922 with mouse 
monoclonal anti-HSP70 antibodies (b). Lane 1 represents protein 
samples from the control, non-heat shocked cells; lane 2 represents 
protein samples from cells heat-shocked at 45 °C. 10 ul proteins loaded 
in each well to determine the HSP protein.

ba
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slightly higher than that in non-heat-shocked cells. To 
determine whether this protein detected by SDS-PAGE 
analysis corresponded to the HSP 70, a Western-blot was 
performed using monoclonal antibodies specific for E. coli 
HSP 70 (69 kDa). This protein was detected on the blot 
in control cells, but after heat shocking at 45 °C for 5 min 
treatment, the level of  this protein increased, determined 
by densitometry (Fig. 3b).

The observed HSP 70 protein in controls was probably 
caused by many diverse heat shock proteins reported in 
E. coli (Neidhardt et al., 1984). However, the increased level 
of  HSP 70 protein after heat shock was similar to results 
obtained by Auffray et al., (1995) and Juneja et al., (1998). 
This is because the loss of  normal cellular functions due to 
sudden temperature increase is recovered by the synthesis 
of  stress proteins such as Hsps (Juneja et al., 1998; Li and 
Mak, 1989; Urban-Chmiel et al., 2013).

High temperatures are stress conditions that induce 
responses in an organism to cope with these stresses. One 
of  the most studied responses is the induction of  heat 
shock proteins in pathogens. The major inducible HSP70 
may reduce the inactivation level required by food safety. 
Determining the heat-shock response and thermo-tolerance 
is practically important to control E. coli ATCC 25922 in 
agricultural products that are heated under different 
harvesting, processing and storage conditions. Therefore, 
the enhanced heat resistance of  E. coli ATCC 25922 due 
to heat shock must be considered while designing effective 
thermal processes.

CONCLUSIONS

In this study, the heat resistance of  E. coli ATCC 25922 
in LB broth at three temperatures was obtained with test 
cell methods. The preheating conditions at three sub-
lethal temperatures resulted in increased heat resistances 
of  E. coli with maximum D-values after heat shock at 
45 °C for 5 min. The trend of  relative mRNA level after 
heat shock treatment was similar to that of  D-values. The 
increased heat resistance could be eliminated by adding 
one-day storage of  the contaminated products at room 
or cold temperatures. Avoiding heat shock proteins or 
increasing temperatures or treatment times must be 
considered to ensure food safety while designing effective 
thermal processes to control E. coli ATCC 25922 in 
postharvest agricultural products. Further experiments 
should be conducted to study the thermo-tolerance of  
E. coli ATCC 25922 in real foods and validate the results 
obtained in this study.
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