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ABSTRACT

Cronobacter spp. are emerging opportunistic pathogens commonly associated with the feeding of powdered infant formula (PIF). This
study aimed to investigate the ability of C.sakazakii (ATCC 29544) to survive heat injury in laboratory growth medium and powdered
infant formula (PIF) in comparison to Escherichia coli (ATCC 25922) and other selected Cronobacter strains. As part of this work the
thin agar layer (TAL) method for the recovery of heat-injured foodborne pathogens was evaluated for use with C.sakazakii (ATCC
29544) and E.coli (ATCC 25922). We report that heat treatment at 55°C for 10 minutes had no significant effect (P > 0.05) on
C.sakazakii (ATCC 29544) viability in peptone or PIF. Significant differences in survival of Cronobacter strains after this heat
treatment were identified indicating that heat tolerance in this genus may be strain dependent. PIF did not enhance survival of this
organism in comparison to other media. Results indicate that a decrease in temperature of 5°C from the recommended 70°C for the
reconstitution of PIF was sufficient to produce a significant increase in survival of C.sakazakii (ATCC 29544). Reconstituted PIF stored
at room temperature was shown to support the survival and proliferation of this pathogen indicating that temperature abuse during PIF
preparation and storage may significantly increase the risk of disease caused by these opportunistic pathogens.

Keywords: Cronobacter, powdered infant formula, heat-injury, thin agar layer

INTRODUCTION

PIF is consumed by millions of infants throughout the world every day, and is
generally considered as safe (Pagotto & Farber, 2009), however it is not a
sterile product and can harbour pathogens such as Cronobacter, Salmonella and
Staphylococcus (Wang et al., 2012). In 2004, the Food and Agriculture
Organisation of the United Nations (FAO) and the World Health Organisation
(WHO) jointly convened an expert meeting on Enterobacter sakazakii (now
Cronobacter spp.) and other microorganisms in powdered infant formula (PIF)
and concluded that intrinsic contamination of PIF with E.sakazakii (now
Cronobacter spp.) and Salmonella has been a cause of infection and illnesses in
infants. This includes severe disease which can lead to serious developmental
sequelae and death (FAO/WHO, 2004). The World Health Organisation (WHO)
recommends reconstitution of PIF using boiled water that has cooled slightly but
not below a temperature of 70°C. It is recommended that this be checked using a
sterile thermometer (FAO/WHO, 2004). In contrast to this, manufacturers of this
product most often recommend using boiled water which has been cooled for 30
minutes with no specific requirements given for exact temperature or
recommended methods of checking temperature before reconstitution. A
common risk factor in many reported Cronobacter (previously Enterobacter
sakazakii) outbreaks is temperature abuse of reconstituted formula (Osaili &
Forsythe, 2009). Heating of prepared milk to 80°C - 90°C or mixing with boiling
water is likely sufficient to kill most microorganisms but is not recommended due
to the potential loss of nutritional value, especially in terms of adverse effects on
the vitamin content of PIF (Agostoni et al., 2004). It is currently recommended
that reconstituted PIF be stored below 4°C and for no more than 4 hours
(FAO/WHO, 2004) and that leftover product be discarded and never reheated or
added to subsequent preparations (Osaili and Forsythe, 2009).

In 2007, a year-long study based on samples taken from a PIF processing plant,
reported that the prevalence of the organism in specific locations of the plant was
as high as 31% while the prevalence in the final product was 2.5%. It was
suggested based on these findings, other scientific studies and surveys from
FAO/WHO, that PIF may be contaminated at frequencies ranging from 0-33%
(Mullane et al., 2007). PIF and milk powder have been suggested as the main
sources of Cronobacter infection and the vehicles responsible for 50-80% of
infections caused by these organisms (Kim et al., 2008). Microorganisms in food
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processing or preparation environments are exposed to a wide range of chemical,
physical and nutritional stresses (Osaili and Forsythe, 2009). The detection of
food-borne pathogens should accommodate this by aiming to detect both normal
and injured microorganisms. An injured cell has been defined as a cell that
survives a stress but loses some of its distinctive qualities (Busta, 1978). In
practical terms this means many injured cells will be capable of forming colonies
on non-selective media, but not on selective media (Harstell, 1951) or may
display an extended lag-phase in comparison to uninjured cells (Wu, 2008).
Therefore it is desirable to allow injured cells to recover before isolation or
enumeration by customary procedures in order to avoid an underestimation of
microbial content. The reader is directed to the review by Wu (2008) for a
description of the numerous methods available for the recovery of injured
bacterial cells. The method of recovery chosen for this study was the thin agar
layer (TAL) method developed by Kang and Fung (2000). This one-step method
is relatively convenient to prepare and use and has been utilised effectively to
recover heat-injured Salmonella typhimurium (Kang and Fung, 2000). The
method has been found to be more effective than selective media alone for the
recovery of heat-injured foodborne pathogens due to its incorporation of an initial
exposure to non-selective medium (Wu & Fung, 2001). This present study
includes an evaluation of the TAL method for the recovery of heat-injured
C.sakazakii (ATCC 29544) and E.coli (ATCC 25922) cells.

It is not clear how stringently the guidelines for the safe preparation and storage
of PIF are complied with in the home and hospital settings and education of
potential users of PIF therefore remains paramount to ensure its safe preparation
and the avoidance of outbreaks of infectious disease (FAO & WHO, 2004). The
inconsistencies existing in the recommendations for the safe preparation of PIF
may prove to be extremely important in terms of preventing infection from
intrinsic microorganisms, as even low numbers of organisms in this genus are
considered to be a risk factor (FAO & WHO, 2004). This present study
compares the efficacy of currently recommended preparation methods in terms of
ability to reduce survival of C.sakazakii (ATCC 29544) cells added at the time of
preparation. In addition to the inconsistencies existing in the preparation
guidelines for PIF, there are also discrepancies in the existing literature related to
the Cronobacter genus. Differences in growth characteristics and tolerance to
environmental stresses such as temperature resistance are reported to be strain
dependent in some studies (Osaili & Forsythe, 2009; Strydom et al., 2012) and
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characteristic of the entire genus in others (lversen et al., 2004; Nazarowec-
White & Farber, 1997b). This issue is further confounded by the relatively
recent taxonomic reclassification of this organism from a single species
(Enterobacter sakazakii) to the novel genus Cronobacter (lversen et al., 2008).
Comprehensive studies published prior to this reclassification lack species
specific data needed to describe the genus, now containing seven individual
species (Joseph et al., 2011). The disparities in the available information on this
group of pathogens emphasise the need for research such as the present study
which compares multiple strains and species of Cronobacter in order to gain data
with practical applications.

MATERIAL AND METHODS
Source of Bacterial Strains and Growth Conditions

Type strains of Cronobacter sakazakii (ATCC 29544), Escherichia coli (ATCC
25922) and Cronobacter muytjensii (ATCC 51329) were obtained from the
American Type Culture Collection (ATCC), Virginia, USA. Type strains of
Cronobacter turicensis (DSM 18703) and Cronobacter malonaticus (DSM
18702) were obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ), Braunschweig, Germany. Additional strains of C.sakazakii
(ATCC 29004, ATCC 12868) were also obtained from the ATCC. C.sakazakii
(NCTC 8155) was obtained from the National Collection of Type Cultures
(NCTC), Salisbury, UK. It should be noted that this strain is currently named
Enterobacter sakazakii in the collection but was reclassified as C.sakazakii after
the recent taxonomic change (lversen et al., 2008). All strains used in this study
were stored in a Microbank™ (Pro-Lab Diagnostics) at -80°C. Fresh cultures
were obtained by direct inoculation of Nutrient Agar (Cruinn Diagnostics,
Dublin, Ireland) formulated according to ISO 6579:2002, 1ISO 10273:2003 and
ISO 16654:2001 and tested in accordance with ISO/TS 11133-2:2003. Liquid
cultures were obtained by direct inoculation of Nutrient broth (Cruinn
Diagnostics, Dublin, Ireland). Inoculated media were incubated overnight at
37°C. Pure cultures on solid media were stored at 4°C for no more than 2 weeks.
All culture media were obtained from Cruinn Diagnostics unless otherwise
stated.

Preparation of TAL plates

The chosen selective media, Harlequin CSA-DFI-Cronobacter sakazakii Agar-
DFI Formulation and Harlequin E.coli/Coliform Medium, were prepared
according to the manufacturer’s instructions. The TAL plates were prepared
according to the method described by Kang and Fung (2000) using tryptone
soya agar (TSA) as a non-selective medium.

Thin agar layer method evaluation

Overnight cultures of all bacterial strains were prepared in nutrient broth and
diluted in sterile peptone water to an optical density of 0.08-0.13 at 625 nm. 5 ml
aliquots of sterile peptone water were heated and maintained at 55°C or 70°C in a
water bath. 50 pl of C.sakazakii or E.coli alone or a 1:1 mixture of C.sakazakii
(ATCC 29544) and E.coli (ATCC 25922) were added to the heated peptone
water. Inoculated samples were maintained at the specified temperatures for 10
minutes. After this time the samples were cooled quickly by placement in slush
ice. 100 pl of each sample was removed before and after the heat treatment and
used to prepare serial dilutions for plating on the prepared solid media. The plates
were incubated at 37°C for 24 hours after which time the visible colonies were
counted.

Establishment of reconstitution temperatures

500 ml of distilled water was heated on a hot plate and allowed to boil for
approximately 30 seconds and stood at room temperature. Water temperature was
monitored using a thermometer and recorded every 5 minutes for one hour. This
was repeated in triplicate and on three independent testing days in order to obtain
average temperature values for specific time periods in the cooling process.

Preparation of bacteria and PIF reconstitution

Bacterial cultures were prepared and diluted as described previously. The
concentration of PIF used was chosen from the table provided by the
manufacturer as the concentration most suitable for feeding neonates (0.75 g / 10
ml water). 100 pl of the diluted bacterial culture was added to the dry PIF
immediately prior to the addition of water. The PIF was reconstituted using
boiled water that had cooled to 70°C, 65°C, 60°C or 55°C. Immediately after the
addition of water at the specified temperatures 100 pl of each sample was
removed and used to prepare serial dilutions and spread plates on selective agar.
The remaining inoculated PIF samples were incubated at room temperature for 2
hours. The process of preparing serial dilutions and spread plates was repeated
each hour. Plates were incubated at 37°C overnight before conducting colony
counts and calculating CFU/ml for each testing interval.
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Influence of PIF on survival rates

Heat treatment using C.sakazakii (ATCC 29544) was performed according to the
method previously described. Dilutions were plated on selective agar only and
PIF was used alongside peptone for both 55°C and 70°C heat treatments. Six
additional strains of Cronobacter were included for heat treatment in PIF at 55°C
for 10 minutes in order to establish any differences in heat tolerance between
particular strains of this organism.

Statistical Analysis

Results for all tests described were recorded and analysed using Microsoft®
Excel Software. Methods of presenting the data obtained were chosen based on a
literature review of similar studies. Statistical analysis was performed using the
paired Student t-test. P values < 0.05 were considered significant, P values < 0.01
as very significant and P values < 0.001 as highly significant. Error bars on
graphs represent + standard error of the mean (SEM).

RESULTS
TAL method evaluation

The thin agar layer (TAL) method was evaluated for the recovery of heat-injured
C.sakazakii (ATCC 29544) and E.coli (ATCC 25922) in both pure and mixed
cultures. The mixed culture experiments aimed to assess the TAL method in
terms of its ability to retain the selective characteristics of the original selective
medium i.e. inhibition of growth of other organisms and/or distinctive colour
change in organism of interest. C.sakazakii produced characteristic circular
cream to yellow colonies on the TSA plates as expected. E.coli (ATCC 25922)
produces pale cream colonies of roughly the same size on this agar and
distinguishing between the two species on the mixed culture plates was therefore
difficult. The selective Cronobacter medium (DFI) produced colonies of a
similar size to those on the TSA for C.sakazakii. The distinctive colour change of
the colonies to dark green was clearly visible. This colour change did not occur in
the E.coli colonies and they were also noticeably smaller than on the TSA plates,
indicating that some inhibition of growth had occurred. The TAL plates produced
the desired colour change but no inhibition of E.coli (ATCC 25922) was visible
indicated by colonies of both species being of the same size. The quantity of
bacteria recovered (represented by log colony forming units/ml) by each medium
after heat treatment for 10 minutes at 55°C is illustrated in figure 1. The same
information for pure C.sakazakii (ATCC 25944) and mixed culture with E.coli
(ATCC 25922) after heat treatment at 70°C for 10 minutes is provided in figure
2.
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Figure 1 Log CFU/mI of C.sakazakii (ATCC 29544) in pure culture (A) and
mixed culture (B) and E.coli (ATCC 25922) in pure culture (C) before and after
heat treatment for 10 minutes at 55°C. Tryptone soya agar (TSA), C.sakazakii
selective agar (DFI), E.coli selective agar (ES) and thin agar layer plates (TAL)
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Figure 2 Log CFU/mI of C.sakazakii (ATCC 29544) in pure culture (A) and
mixed culture (B) before and after heat treatment for 10 minutes at 70°C using
tryptone soya agar (TSA), C.sakazakii selective agar (DFI) and thin agar layer
method (TAL)

Effect of PIF on C.sakazakii (ATCC 29544) heat-treatment survival

An investigation into the effect of PIF on bacterial survival of heat treatment for
10 minutes at 55°C and 70°C was carried out using C.sakazakii (ATCC 29544).
The survival of this organism after these treatments was assessed in terms of log
CFU/ml of bacteria and is illustrated in figure 3. This investigation was furthered
by comparing the survival rates of six additional Cronobacter species after heat
treatment for 10 minutes at 55°C in PIF. The results of this investigation are
represented in figure 4.
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Figure 3 Log CFU/ml of C.sakazakii (ATCC 29544) in PIF and peptone before
heat treatment at 55°C (B HT 55), after heat treatment at 55°C (A HT 55), before
heat treatment at 70°C (B HT 70) and after heat treatment at 70°C (A HT 70)
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Figure 4 Comparison of selected Cronobacter species and E.coli (ATCC 25922)
survival after 10 minute heat treatment at 55°C

Effect of PIF reconstitution method on C.sakazakii survival

In accordance with the manufacturer’s instructions for the preparation of PIF, it is
recommended that boiled water be allowed to cool at room temperature for 30
minutes before use. An investigation was carried out in order to establish if this
method complied with WHO recommendations which state that water should not
be allowed cool below 70°C for the safe reconstitution of PIF (FAO/WHO,
2004). A number of temperatures within this range were then chosen to be used
in a further investigation in which PIF was spiked with a known concentration of
C.sakazakii (ATCC 29544) before reconstitution with water allowed to cool to
set temperatures. Bacterial survival was assessed immediately and after one and
two hours of standing at room temperature. The collected data are represented in
figure 5.
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Figure 5 Survival and growth of C.sakazakii (ATCC 29544) after PIF
reconstitution at a range of temperatures (55°C, 60°C, 65°C, 70°C)

DISCUSSION

TAL method evaluation

The TAL method was successful in producing colony colourization associated
with the specific selective medium and facilitated superior identification between

the bacteria compared to non-selective agar. However, the colonies of both
species were much larger than on either the DFI or TSA plates, making counting
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considerably more difficult due to colonies merging with surrounding colonies.
E.coli (ATCC 25922) colonies were similar in size to those of C.sakazakii
(ATCC 29544) indicating a reduction/lack of inhibition that had been visible
when using the selective agar alone. The TAL method has previously been shown
to be effective in recovering more cells after heat-injury than selective agar alone
in a number of foodborne pathogens. The method has been evaluated for a range
of species including Salmonella typhimurium (Kang and Fung, 2000; Wu and
Fung, 2001) Escherichia coli 0157:H7, Listeria monocytogenes, Staphylococcus
aureus and Yersinia enterocolitica (Wu and Fung, 2001) and recovered
significantly more cells for each organism than the respective selective agar
alone. Interestingly, the findings of this study do not correlate with previous
studies in that there was no significant difference between the selective, non-
selective and TAL agars in terms of number of bacteria recovered (P > 0.05).
This was apparent in pure and mixed cultures and both before and after heat
treatment for 10 minutes at 55°C (See figures 1 and 2). This experiment was
repeated using TAL plates that incorporated agar selective for E.coli (Harlequin
E.coli/Coliform Medium). As was observed in previous studies (Wu and Fung,
2000; Kang and Fung, 2001), a significant reduction in the number of viable
E.coli cells occurred.

The World Health Organisation (WHO) recommends that water should be no less
than 70°C for the reconstitution of powdered infant formula. This experiment was
therefore repeated at this higher temperature to observe any effect on the
recovery of C.sakazakii (ATCC 29544) cells. There was a very significant drop
in bacterial numbers after treatment at this temperature for 10 minutes (P < 0.01).
This finding was expected as it has been shown that exposure of species of
Cronobacter to temperatures above 68°C for even short periods of time can
significantly reduce the number of surviving cells (Nazarowec-White & Farber,
1997a). The TAL method again did not recover significantly more cells than the
other agars used (P > 0.05). In the mixed culture experiment the TSA produced
significantly higher counts than the other agars (P < 0.05). The bacterial species
used in this study share very similar colony morphology on this non-selective
agar, increasing the likelihood of counting errors occurring. This agar is therefore
not suitable for use in mixed culture assays and was included for comparison
purposes only. It can be concluded that the TAL method for the recovery of heat-
injured cells, in this case, is not significantly more effective than the use of
selective agar alone. The volume of agar used and the added time for the
preparation of plates for this method are therefore not justified. Further
experiments utilised selective agar alone on the basis of these findings.

The influence of medium on C.sakazakii (ATCC 29544) survival

It has been suggested that the high total solids, fat and sugar content of PIF may
have protective effects on bacteria during drying and reconstitution (Kim et al.,
2008; Osaili & Forsythe, 2009). This claim was investigated by comparing
C.sakazakii (ATCC 29544) survival after heat treatment at 55°C and 70°C in PIF
and peptone. After heat treatment at 55°C for 10 minutes, there was no significant
drop in the number of C.sakazakii (ATCC 29544) recovered for either medium
(P > 0.05). This correlates with the data generated previously from the TAL
method evaluation. After heat treatment at 70°C for 10 minutes there was a
highly significant drop in the number of cells recovered for both media (P <
0.001). However there was no significant difference found between survival of
C.sakazakii (ATCC 29544) in PIF and survival in peptone (P > 0.05). This is an
indication that PIF does not incur any protective benefits in terms of prolonged
survival at higher temperatures in a liquid medium. The composition of PIF may,
however, improve the survival of Cronobacter spp. during desiccation. The
desiccation resistance and persistence of these bacteria in infant formula has been
reviewed previously (Osaili & Forsythe, 2009) and will therefore not be
discussed in detail here.

A notable finding of this study was that there was no significant drop in
C.sakazakii (ATCC 29544) numbers after the heat treatment at 55°C (P > 0.05).
The five foodborne pathogens mentioned that have been previously used to
evaluate this method, all dropped significantly in terms of CFU/ml after the heat
treatment step described (Wu and Fung, 2001; Kang and Fung, 2000). It has
been shown that C.sakazakii has an array of survival mechanisms which include
resistance to desiccation and osmotic stresses, in particular the ability to
synthesise a capsule under certain conditions (Osaili and Forsythe, 2009). This
may explain the apparent lack of effect observed for the heat treatment step used
here. This was investigated further by repeating the heat treatment at 55°C for 10
minutes with the inclusion of six additional strains of Cronobacter and the type
strain, E.coli (ATCC 25922). This was done in order to establish any differences
between strains in terms of heat tolerance at this temperature in PIF. As shown in
figure 4, the tolerance to heat treatment at this temperature was not present in all
strains of Cronobacter. Four out of the seven strains tested were not affected or
showed only a slight decrease in number after the treatment while C.sakazakii
(ATCC 29004), C.sakazakii (ATCC 12868) and C.muytjensii (ATCC 51329)
numbers were significantly reduced (P < 0.05) by the heat treatment. It has
previously been reported that thermal resistance in this genus is strain dependant
(Strydom et al., 2012) but in contrast to these findings, other studies have
reported no significant difference between strains (Iversen et al., 2004). This
inconsistency in findings to date highlights the importance of studies such as the
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one conducted here in terms of elucidating the survival and growth characteristics
of these organisms in PIF.

It has previously been shown that pasteurisation is sufficient to eliminate
Enterobacteriacae including Cronobacter spp. (Lin & Beuchat, 2007). One
potential route of entry into the powdered infant formula (PIF) production line
and/or the products is the post-pasteurisation addition of plant-derived
supplements such as starches and proteins, that are potentially contaminated with
Cronobacter spp., without the use of an additional heating step (Schmid et al.,
2009). Some studies have suggested that the high prevalence of Cronobacter spp.
in PIF may be, in part, due to an unusually high tolerance to dry conditions. This
is thought to be inferred by the organism’s ability to produce trehalose. Trehalose
is a compatible solute which protects bacteria from dry conditions by stabilising
phospholipid membranes and proteins (Kim et al., 2008). While the importance
of trehalose production has not yet been fully elucidated, it is clear that the
organism has an array of survival mechanisms which includes resistance to
desiccation and osmotic stresses, in particular the ability to synthesise a capsule
under certain conditions (Osaili and Forsythe, 2009). It is possible that the
findings of this study, showing that some strains possess a tolerance to the heat
treatment described, may be due to the presence of such an ability or mechanism.
Further research into the cause of the observed tolerance to heat treatment and the
reasons for its absence in certain strains of Cronobacter may yield useful insights
into the control and prevention of infections caused by the presence of these
organisms in PIF.

Influence of reconstitution temperature on C.sakazakii (ATCC 29544)
survival and growth in PIF

As previously stated, the World Health Organisation (WHO) recommends
reconstitution of PIF using boiled water that has cooled slightly but not below a
temperature of 70°C. It is recommended that this be checked using a sterile
thermometer (FAO & WHO, 2004). Manufacturers of PIF most often
recommend using boiled water which has been cooled for 30 minutes before use
for the preparation of PIF. In order to compare these methods in terms of
C.sakazakii (ATCC 29544) survival in reconstituted PIF an average temperature
for water cooled at room temperature for 30 minutes was calculated. On average
after 30 minutes of cooling the water had cooled to 68°C + 2.9°C. A standard
volume (500ml) and controlled conditions were used in this experiment but it can
be presumed that in the home/hospital setting the volume of water and the size
and type of container used would also have an effect on the rate of cooling and
increase the variability of the rate of cooling. A range of temperatures were
therefore selected for testing (55, 60, 65 and 70°C).

As expected, the addition of water cooled to 70°C caused an immediate and
highly significant drop in bacterial numbers in comparison to the other
temperatures tested (P < 0.001). However, bacterial growth at room temperature
did occur in the following two hours, represented in figure 5 by a significant
increase in log CFU/mI from the time of reconstitution (P < 0.05). At each testing
interval the difference between the 70°C reconstituted PIF and the three other
temperatures tested remained significant (P < 0.05). This indicates that even a
small decrease in temperature from the recommended 70°C to 65°C would cause
a significant increase in the survival rate of any intrinsic Cronobacter
contamination in the PIF, subsequently increasing the risk of infection in the
home/hospital setting. This drop of 5°C was found to occur after only a 5-10
minutes deviation from the recommended 30 minute cooling period (data not
shown). It should be noted that Cronobacter contamination in PIF would likely
be at much lower levels than are represented here. It is likely therefore, that the
log reduction in bacterial numbers caused by the reconstitution at 70°C would be
sufficient to completely eliminate the low levels of viable cells seen in
contaminated batches of PIF. These findings emphasise the importance of
complying with WHO recommendations for the safe preparation of PIF products
and suggests that the current manufacturer instructions may be inadequate to
prevent future outbreaks of Cronobacter infection. It is suggested that additional
instructions regarding the use of a set volume of water and the checking of
temperature with a sterile thermometer be adopted by manufacturers of PIF.

CONCLUSION

It can be concluded that that the temperature of water used for reconstitution has
a very significant effect on the survival and growth of C.sakazakii (ATCC 29544)
in PIF. Tolerance to heat treatment at 55°C for 10 minutes was found in multiple
strains but was absent in some indicating that certain traits are strain dependent.
Future research should include the effect of reconstitution temperature on biofilm
formation and growth at 4°C, factors which may also be contributing to the risk
of infection from these organisms. It is recommended that manufacturers of PIF
should review their instructions to consumers for the preparation of this product
in order to ensure the lowest possible risk of infection from these opportunistic
pathogens.
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