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1. EXECUTIVE SUMMARY

Powdered infant formula (PIF) is a generic term used to cover a range of breast milk fortifiers
and substitutes. These are not manufactured as sterile products, but are intended to conform
to appropriate microbiological specifications. For PIF in international trade these were
recently revised by Codex Alimentarius Commission (CAC 2008). Previous FAO/WHO 2004
and 2006 expert meetings on the microbiological risk assessment of powdered infant
formulas have recommended the reconstitution of PIF with water no less than 70°C, and used
within 2 hours. The use of high reconstitution temperature is considered to reduce the viable
count of Cronobacter spp. and Salmonella serovars and a short storage period would limit the
growth of any survivors, and therefore this practice would reduce the risk of neonatal infection
through the ingestion of contaminated infant formula. However it is apparent that various
preparation practices are used by caregivers. This report considers the risk associated with
bacterial survival and subsequent multiplication following reconstitution at <70°C, for
Cronobacter spp., Salmonella, other Enterobacteriaceae and Acinetobacter spp. Therefore it
considers organisms previously designated of concern due to clear evidence of causality
between infant infection and infant formula contamination, and those for which the causality
was plausible, but not yet demonstrated; FAO/WHO (2004 & 2006) Category A and B

organisms.

Summary points:

1. Itis not feasible for caregivers to easily judge the temperature of reconstitution water
in order to meet the >70°C guideline. Reconstitution using water which had been
boiled and left for 30 minutes resulted in temperatures ranging from 46 to 74°C
depending on the volume of water boiled. This results in different degrees of lethality
to bacteria, but boiling 1000ml of water gave temperatures on average >70°C after 30

minutes.

2. In general, bacteria had similar growth rates in whey-based (or first milks) infant
formulas compared with casein-based (or second milks) infant formula. However, in
whey-based infant formulas they were more heat tolerant and had shorter lag-periods.
These resulted in differences in predicted outcomes following reconstitution at various
temperatures using the JEMRA E. sakazakii risk model; point 5 below.

3. There was variation in thermotolerance between Cronobacter strains, with no single
Cronobacter species more thermotolerant than the others. All Cronobacter were less
thermotolerant than the well described, highly thermotolerant strains of Salmonella

enterica serovar Senftenberg. Of the remaining organisms, the most thermotolerant



organism was a strain of Enterobacter hormaechiae, which was nearly twice as

thermotolerant as Salm. Senftenberg at 55°C.

The upper growth temperature varied within the Enterobacteriaceae, with Cr.
sakazakii, Cr. malonaticus, Cr. dublinensis, Ent. cloacae, and Esch. coli being able to
grow at 44°C.

Bacterial growth and death rates in whey- and casein-based infant formulas for
Cronobacter spp., Salmonella serovars, other Enterobacteriaceae, and Acinetobacter
spp. (Category A and B organisms; FAO/WHO 2004 & 2006) were used with the
JEMRA E. sakazakii risk model for 7 scenarios with reconstitution temperatures
between 10 and 70°C. For all scenarios, reconstitution at 70°C predicted decreases
in bacterial numbers ranging from 1 log for Salm. Senftenberg and Salm. Enteritidis,
to >10* log decrease for Cr. sakazakii and was dependent on the formula base. The
model also predicted overall decreases in bacterial numbers for all scenarios when
the reconstitution temperature was 60°C, although this was less than a 0.5 log
decrease for some strains. In contrast, at 50°C some strains had predicted
increases depending upon the scenario and the formula base. For all strains growth
was predicted for 2 scenarios of mixing in a 1 or 25 L container, 1 h preparation time
at room temperature (20°C), refrigeration (4°C) for 6 h, rewarm to 37°C, and feed
within 30 min (37°C).
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2. INTRODUCTION.

Nomenclature

Cronobacter spp. is synonomous with Enterobacter sakazakii which was renamed in June
2008. The new genus is composed of five species: Cronobacter sakazakii, Cr. malonaticus,
Cr. turicensis, Cr. muytjensii and Cr. dublinensis (lversen et al. 2008). There is possibly a
sixth species currently referred to as Cronobacter genomospecies 1, which includes only two
representative strains at the present time. Due to the recent taxonomic redesignation
Cronobacter spp. is used in this report when referring to some previous articles where the
specific species is unknown. Our own in-house knowledge indicates that the majority of
isolates from powdered infant formula are now named Cr. sakazakii, and Cr. malonaticus.
However it is not possible to reinterpret all previous publications, other than our own, due to
lack of sufficient information. All Cronobacter species include strains which have been
isolated from clinical samples, and are considered pathogenic or potentially pathogenic. It is
plausible that some species are more virulent to neonates; however this has only been
investigated using tissue culture studies, and has not been determined by speciating all
sporadic case and outbreak strains (Townsend et al. 2007 & 2008a). Nevertheless, to our
knowledge isolates from infected neonates have been limited to Cr. sakazakii, Cr.
malonaticus and Cr. turicensis. An internationally available multilocus sequencing scheme is

available using up to 7 loci of housekeeping genes (http:/pubMLST.org/cronobacter) which

has revealed a strong clonal relationship; for example one C. sakazakii sequence type was
predominated by infant formula strains, and another principally clinical strains (Baldwin et al.
2009).

Cronobacter species are Gram-negative, motile, peritrichous non-spore forming, facultative
anaerobic rod-shaped bacteria. The bacterium is an opportunistic pathogen and has been
linked on rare occasions with serious infections in neonates, often but not always following
the consumption of powdered infant formula (PIF), as well as adults with underlying illness
(Forsythe 2005). Cronobacter spp. is the aetiological agent in cases of necrotizing
enterocolitis (NEC), bacteremia and meningitis in neonates. The first cases attributed to this
organism occurred in 1958 in England (Urmenyi & Franklin, 1961). Since that time, ca. 111
documented cases of Cronobacter spp. infection with at least 26 deaths from all parts of the
globe have been recorded, and have been collated by Food and Agriculture Organization of
the United Nations/World Health Organization (FAO/WHO 2008). However it is likely the
actual number of cases with this infection is underestimated. In a survey of 129 enteral
feeding tues from neonatal intensive care unts, C. sakazakii was isolated from enteral feeding
tubes of neonates not feed PIF (Hurrell et al. 2009). Therefore various sources of the

organism need to be considered for its control.


http://pubmlst.org/cronobacter

Bowen and Braden (2006) considered 46 neonatal cases of invasive Cronobacter spp.
infections. They reported that the symptoms of very low birth weight neonates (age of onset
ca. 1 month) tend to be bacteraemia, whereas those of birth weight ca. 2000g suffered from
meningitis and an onset age of a few days. Due to the association of some Cronobacter spp.
cases with contaminated powdered infant formula, this product has come under considerable

attention with regard to its microbiological safety.

Microbiological safety evaluation of powdered infant formula

The term 6powdered infant formul ad (PIF)

fortifiers and substitutes. These are not manufactured as sterile products, but are intended to
conform to the Codex microbiological specifications (formerly CAC 1979). In response to the
raised awareness of neonatal infections due to Cronobacter through PIF, these specifications
were recently revised by Codex Committee for Food Hygiene (CCFH 2008). In addition a
number of other international reviews on microbiological safety have been undertaken and

are summarised below.

The European Commission introduced microbiological criteria for powdered infant formula
(EFSA 2004) which are identical to those adopted by Codex (2008). The European Food
Safety Authority (EFSA 2006) BioHaz Panel has re-evaluated their 2004 Opinion and
microbiological criteria. Previously they suggested that there is a relationship between
presence of Enterobacteriaceae and Cronobacter spp. in infant formula, therefore
Enterobacteriaceae could be used as an indicator in the application of good practice.
However, due to the lack of a direct relationship, Enterobacteriaceae testing cannot be used

as a first step in place of specific Cronobacter spp. testing in the finished product. This was

S
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also the conclusion of the FAO/WHO 2006 meeting. The WHO (2007) released

preparation, storage and handling of powd er e d infant formul a
documents for different care settings. In addition, the UK Food Standards Agency (FSA) has
also published their findings concerning powdered infant formula preparation advice and
labelling (FSA 2007).

Two FAO/WHO meetings (2004 and 2006) have considered a large number of issues related
to Cronobacter spp. in powdered infant formula. One result was the grouping of bacteria

associated with powdered infant formula and neonatal infections. These are:

Category A. Clear evidence of causality: Salmonella serovars and Cronobacter spp.

Category B. Causality plausible, but not yet demonstrated: Enterobacter cloacae, Citrobacter

koseri, Cit. freundii, Klebsiella oxytoca, K. pneumoniae, Pantoea agglomerans, and
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Escherichia vulneris (both formerly known as Escherichia agglomerans), Esch. coli, Hafnia

alvei, Serratia spp., and Acinetobacter spp.

Category C. Causality less plausible or not yet demonstrated: Bacillus cereus, Clostridium
difficile, Cl. perfringens, CI. botulinum, Staphylococcus aureus, Listeria monocytogenes, and

coagulase negative staphylococci.

The 2006 meeting added Esch. coli, and Acinetobacter spp. to Category B, and coagulase-

negative staphylococci to Category C.

Both FAO/WHO meetings (2004 and 2006) stressed that multiplication of Cronobacter spp.
following reconstitution equated to increased risk of infection. EFSA (2004) and the UK FSA
(2007) recommend reconstitution with water at temperatures greater than 70°C. Therefore
appropriate advice based on the effect of methods of reconstitution at high temperature and

subsequent handling would be of use in reducing microbial risks.

In 2006, the FAO/WHO produced a risk model using various conditions of powdered infant
formula preparation which mimicked hygienic practices, and the subsequent risks were
determined. The risk assessment model was presented by Greg Paoli and Emma Hartnett
(Risk Sciences International) (FAO/WHO 2006). This risk model was however based on a
limited number of Cronobacter strains, and some assumptions were necessary such as the
lack of cell clumping. Additionally, the risk model is specific to Cronobacter spp. and does not
include other opportunistic pathogens which can be isolated from PIF ie. Category B

organisms.

As stated above, risk management specifically for Cronobacter spp. and Salmonella is under
consideration by CCFH. At the recent 39" Session of the CCFH, the Committee finalised and
forwarded the proposed draft Code for final adoption by the Commission. Annex | is
Microbiological criteria for powdered infant formulae, formulae for special medical purposes
and human milk fortifiers. Annex lll is Guidance for the establishment of monitoring programs
for Salmonella, Cronobacter spp. and other Enterobacteriaceae in high hygiene processing
areas, and in powdered formulae preparation units.  However, the issue of microbiological
criteria for follow-up formula ( al s o k n o wio na $ o owaa lindedfiwther discussion
(Annex Il). Consequently, in January 2008 the FAO/WHOi ssued a o6call for databd
Cronobacter spp. and follow-up formula. An FAO/WHO expert meeting was held in July 2008
and the report has recently been published. Areas for which information was requested
included knowledge of the incidence of Cronobacter spp. in follow-up formula, and a survey of
products was submitted by Nottingham Trent University (NTU). For consistency, the
description of follow-up formulas from CAC (1987) was followed, that is products with the

intended age >6 months, derived from milk, form part of the diet, and are consumed as a
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liquid. Cr. sakazakii was isolated from 1% of follow-up formulas and 12% of infant foods. This
was a survey co-ordinated by NTU which involved laboratories in Brazil, UK, Portugal, Jordan,

Indonesia, Korea, and Malaysia (Chap et al. 2009). Since follow-up formula is only part of

the infantds diet, this data s upp oobidlogicalctiteria r e c e nt

for follow-up formula to include Salmonella and not Cronobacter spp.

3. FSAB13010 PROJECT OBJECTIVES

The objectives of this research project were to investigate the impact of different preparation
and storage conditions on the growth and survival of Cronobacter spp. and related organisms
in reconstituted powdered infant formula, follow-up formula, formula for special medical

purposes and breast milk fortifiers.

Briefly, we aimed to compare the effect of common reconstitution practices upon the survival
of Cronobacter spp. and other organisms likely to be found in PIF which pose a health risk to
neonates. This includes survival at temperatures encountered during reconstitution and
desiccation occurring during commercial preparation of PIF and follow-on formula. The
current JEMRA Risk Model for Cronobacter spp. uses kinetic data of death rates at various
rehydration temperatures. This data is based on that supplied by NTU and Prof. Marcel
Zwietering (Wageningen University) from FAO/WHO (2004 & 2006). The data was obtained
using unstressed cells. The risk model does not consider Salmonella serovars or other
Enterobacteriaceae, and it is unknown whether their thermal resistance significantly varies
from Cronobacter spp. or is influenced by the formula base (casein or whey). Table 1 gives
the Project objectives, and Table 2 the milestones. As if to reinforce the timeliness of this
study, recently there have been outbreaks of Salmonella infections in neonates linked to

infant formula in Spain and France (Jourdan et al. 2008, Soler et al. 2008).

C/
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Table 1. Project objectives.

Objective Objective description

o1 Select a representative range of bacteria associated with neonatal infections and powdered infant milk
formula.

02 Identify common reconstitution practices; rehydration, cooling, storage and reheating temperature profiles.

03 Compare the thermal death rates of Cronobacter spp. with related organisms.

04 Enumerate stressed bacterial cells, including sublethally injured organisms, using various resuscitation
methods.

05 Prepare spray-dried powders of Cronobacter spp. and related organisms for thermal survival studies.

06 Determine the lag time and growth rates of bacteria selected in Objective 1.

07 Compare the survival of Cronobacter spp., and other related organisms, as determined above with the FAO-

WHO (2006) risk assessment model.

Table 2. Project milestones.

Milestone Milestone title
number
01/01 Identify representative species and strains of Cronobacter spp. and related organisms.
02/01 Complete compilation of reconstitution scenarios.
03/01 Determine thermal death inactivation rates of Cronobacter spp. and related organisms.
03/02 Determine the effect of biofilm formation and cell clumping on thermal death times.
04/01 Determine the effect of heat shock and desiccation on D- and z-value.
05/01 Prepare spray-dried bacteria
Determine lag time and growth rates of Cronobacter spp. and other organisms using
06/01 . . i
conventional techniques and GFP-, lux-tagged strains.
07/01 Compare kinetic model of bacterial death and survival according to reconstitution

practices constructed with FAO-WHO (2006) Risk Model.
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4, MILESTONE 01/01 - IDENTIFY REPRESENTATIVE SPECIES AND STRAINS OF
CRONOBACTER SPP. AND RELATED ORGANISMS, ASSOCIATED WITH
NEONATAL INFECTIONS AND POWDERED INFANT MILK FORMULA.

The following species were selected for further study: Cronobacter species (MLST sequence
types 1, 3, 4, 7 & 8; Baldwin et al. 2009), Ent. cloacae, Salmonella serovars, Cit. koseri, Cit.
freundii, K. pneumoniae, K. oxytoca, Esch. coli, Esch. vulneris, Pantoea spp., Acinetobacter
spp., H. alvei and Serratia spp. These correspond with Category A and B organisms as
described by FAO-WHO (2006). Primarily, the strains were from powdered infant formula or
milk products but where necessary clinical or environmental strains have been used. Two
additional Enterobacteriaceae species Ent. hormaechei and Ent. cancerogenus were included
in the study. These were considered as FAO-WHO Category B organisms as they have been
isolated from PIF, but there is no evidence that they have caused infections via contaminated
powdered infant milk formula. Ent. hormaechei are isolated from PIF, enteral feeding products,
and neonatal enteral feeding tubes (Townsend et al. 2008, Hurrell et al. 2009). Ent.
hormaechei have been shown to be of clinical significance due to the report of several
outbreaks of sepsis in neonatal intensive care units in Brazil and the United States (Campos
et al. 2007, Wenger et al. 1999). Townsend et al. (2008) reported a neonatal outbreak of Ent.
hormaechei that was originally attributed to Cronobacter spp. These strains were also shown
to produce ext e-ladaedse actviey duttherucomplizating clinical treatment of

the infection.

5. MILESTONE 02/01 - COMPLETE COMPILATION OF RECONSTITUTION PRACTICES;
REHYDRATION, COOLING, STORAGE AND REHEATING TEMPERATURE
PROFILES.

Various sources of information have been consulted, including

e FAO-WHO (2004 and 2006) Risk assessment publications.

e Central Office of Information (COI) and FSA (2006) Powdered infant formula
qualitative research.

e WHO (2007) 6Safe preparation, storage and hand
Guidelinesd, and as s ocfis#totvaridussaeasimdtians.i sed documen

e FSA guidance for health professional on safety preparation, storage and handling of
powdered infant formula (FSA 2007).
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e Labels of PIF products collected from various countries.

However, the above documents do not focus on neonatal units where the majority of
Cronobacter spp. cases have been reported. Consequently, local neonatal units were
contacted for general information on feeding practices and a paper by Rosset et al. (2007)
was referred to. It was also intended that this project would obtain relevant information from

the FSA project B13008 on attitude and behaviours but this has been delayed.

5.1. Review of reconstitution instructions on packaging.

During the first two months of the study, current feeding practices with powdered infant
formula (PIF) milk for infants aged 0-6 months were reviewed. Principally three different
sources of information were used: PIF labelling information, interviewing neonatal health

carers and published information.

Instructions for reconstitution of PIF products for 0-6 months in age currently on the market
have been compiled. These have been compared with older (>2 years) products which pre-
date the FAO/WHO (2006) and FSA recommendations of reconstitution with water >70°C. In
total, data has been collected from 22 PIF samples manufactured prior to 2006, and 43
samples after the 2006 FAO-WHO and FSA recommendations. There is a clear difference in

the information for formula preparation given.

Table 3 shows that prior to 2006, information concentrated on the duration of cooling of boiled
water (between 10-60 minutes) with relatively few references to specific temperature required.
Products currently on the UK market refer to duration of leaving boiled water to cool before
use (Table 4). However there was variation in the instructions; cooling period (15-30 min),
and temperature of reconstitution (not specified to >70°C). Products not on the UK market
had considerably greater variation in their instructions. Many gave reconstitution temperatures
in a range from 40-60°C,as wel | as t he v agee €abl¢ &£ Mhe duvatiamn koe war mé
boiling water varied from unspecified to ten minutes or more. It is clear is only instructions for
products on the UK market referred to the recommended use of >70°C water for

reconstitution, or cooling period of boiled water.



Table 3. Preparation instructions for PIF produced before FAO-WHO (2006) guidelines.

No. Boil fresh water Duration of cooling Temp (°C) Company Country made in  Country sold in
(min)
1 Yes 45 F Ireland England
2 Yes 45 F Ireland England
3 Yes 45 F Ireland England
4 Yes 30-40 G Ireland England
5 Yes 30-40 G Ireland England
6 Yes 30-40 G Ireland England
7 Yes 60 H England England
8 Yes 60 H England England
9 Yes 30-40 50-60 J Ireland England
10 Yes 10 50 U Holland Slovenia
11 Yes 10 50 U Holland Slovenia




Table 4. Preparation instructions for PIF produced after FAO-WHO (2006) guidelines.

No. Boil fresh water Duration of cooling Temp (°C) Company Country made in Country sold in
1 Yes NS A Turkey Germany
2 5 min+ 40 A Germany Jordan
3 5 min 45 A Holland Malaysia
4 5 min NS A Switzerland Libya

5 5 min Lukewarm A Switzerland

6 40 B Holland Malaysia
7 Yes 50 B Holland Libya

8 Yes NS C Turkey Germany
9 Yes Lukewarm C New Zealand Malaysia
10 Yes C EU Cz

11 10 min 60 C Holland Libya
12 5 min Lukewarm D Holland

13 5 min Lukewarm D Ireland

14 5 min 40 E New Zealand Malaysia
15 5 min 40 E New Zealand Malaysia
16 Yes 50 F Turkey Germany
17 Yes 40 G Spain Spain
18 Yes G UK Cz

19 Yes 40 H Turkey Germany
20 5 min | Jordan Jordan
21 5 min J Jordan Jordan
22 5 min K Jordan Jordan
23 5 min+ 40-45 L EU Spain
24 5 min+ 55 M Japan Malaysia
25 Yes N New Zealand Malaysia
26 1 min RB 40 (0] Thailand Malaysia
27 5 min 30 min P Ireland UK

28 Yes 30 min Q EU UK

29 Yes 30 min Q EU UK
30 Yes 30 min Q EU UK

31 Yes 15 min R EU UK
32 Yes 30 min R EU UK

33 Yes 30 min R EU UK
34 Yes <30 min >70* S Ireland UK

35 Yes <30 min >70* S Ireland UK

36 Yes 30 min T UK UK

37 Yes 30 min T UK UK




RB= Rolling boil

* Instructions state the water should be boiled in a full kettle.

16
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5.2. Parental information sources.

COl and FSA (2006) studied current practices of PIF reconstitution. The study refers to a lack
of formal information found by parents in relation to bottle feeding. It was reported that first
time parents were more likely to look for formal sources of information prior to bottle feeding.
Midwives, auxiliary, parent craft nurses and health visitors offer valuable information once the
baby is born, but it is usually considered secondary compared with that from family and

friends. The latter situation risks parents receiving out of date and inadequate information.

On-pack preparation instructions were read during the first few feedings and rarely referred to
afterwards. Parents felt there was too much information on-pack preparation and that it could
easily be overlooked. Often printed bottle feeding information given out was lost particularly
when there was a delay between receiving the information and referring to it. Therefore basic
information, like the one given by WHO (2007) in their guideline for safe preparation, storage
and handling of PIF, could be forgotten indicating timing of advice is critical. Nevertheless, as
it was previously stated above, the health care professionals reported the limitation in the

advice given while in hospital due to initiatives promoting breast feeding.

There were inconsistencies between sources of information which could result in
misinterpretation and variation in bottle feeding practices. As an example the WHO (2007)
guidelines are very different to the information parents obtain from the on-packet labelling

(70°C reconstitution temperature compared with 50-60°C; Table 4).

Health care professionalsé knowledge of bottle feeding was primarily acquired during their
formal training with none of the professionals interviewed aware of significant changes in this
area. Any updates in their knowledge were acquired through talking with colleagues, leaflet

and booklets.

With respect to home preparation, the study found there was no concern amongst parents
about using PIF in relation to the product not being sterile. In addition there was a wide range
of preparation methods varying in frequency of preparation, temperature of water used, time

spent cooling the water, storage of feeds, re-warming of feeds and duration of safe storage.

Away from home preparation, ready to feed milk cartons have been recommended during
parental craft sessions by COI-FSA (2006) and by FAO-WHO (2006). However parents often
either used prepared feeds kept in a cool bag for up to 4 hours or did not refrigerate the

prepared feed at all.
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5.3. Hospital preparation of PIF for infants aged 0-6 months.

We have undertaken a brief survey of current practice in a neonatal care unit. We found that
PIF (fortified breast milk and reconstituted powdered infant formula) was reconstituted at
room temperature when required, not at higher temperatures. While accepting that practises
in neonatal intensive care units (NICU) across the UK may vary, similar procedures were
reported in a study of French hospitals by Rosset et al. (2007). They reported that samples
were reconstituted with (cold) room temperature water, kept at room temperature for a short
period of time (< 15 minutes) and then stored in a cold cabinet (4°C or below). The reheating
times could be 30 minutes in a water bath used for multiple bottle heating. At the end of
reheating, the temperatures were below 47°C for 55% of the samples. Their assessment
showed a combination of parameters affected risk: initial PIF preparation temperature, PIF
room temperature, cold storage temperature and time period, reheating time and temperature.

All of these parameters were also studied during the FAO-WHO (2006) modelling.

In addition to recommending preparation of PIF using water at a temperature of not less than
70°C, FAO-WHO in 2006 recommended minimising the time from preparation to consumption

and that prepared feeds should be stored at temperatures no higher than 5°C.

FAO-WHO also note that hospitals and other care settings are required to prepare feeds for a
number of infants and while preferably each feed should be prepared individually, in some
circumstances they could be prepared in large containers. Since large volumes take longer to
cool down, with higher risk of bacterial growth, they should be dispensed into individual
feeding bottles for cooling. The prepared feed should be cooled by holding it under running

tap water or by placing the container in cold or iced water.

FAO-WHO in 2006 recommended preparing fresh PIF, or prepared according to guidelines
then maintained in a refrigerator no higher than 5°C for a period not longer than 24h. The re-
warming period should be no longer than 15 minutes, and the bottle should be shaken or
swirled during this process. Any reheated feed that is not consumed within two hours should

be discarded.

If the feeds need to be transported, they should be consumed within two hours of preparation.
If they will be consumed two hours after preparation then they should be refrigerated first,
transported under cool conditions (<5°C) and should be reheated for less than 15 minutes
after transportation. Prepared feeds not consumed within 2 h and not refrigerated should be

discarded.
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5.4. Preparation of PIF for infants aged 0-6 months in developing
countries.

The following section has been taken from Estungingsih and Sani (2008) d®owdered infant
formula in developing and other countries -i s sues and. Ipthi®mgkelaptes they
detail different home preparation methods.

e PIF is poured into a clean bottle and some hot water (boiled or from a water
dispenser) is added, the bottle shaken and then cold or normal water is added.

e PIF is poured into a clean bottle and some cold water (boiled or from a water
dispenser) is added, the bottle shaken, and hot water mixed with normal water is
added and then it is shaken again.

e Hot water is poured into a bottle, left to cool, PIF added as recommended, and then

the bottle shaken well.

They stated that if there is some reconstituted formula left after feeding, it will be kept for the
next feeding. In families without a refrigerator, it may be kept at room temperature (22-32°C)
for several hours. Sometimes, it will be disposed of when physical changes are seen, it starts

to smell or the feed starts to clump.

For away from home feeding, some mothers carry hot water in a thermos flask to reconstitute
the PIF. Whereas others just put the PIF in a bottle, add some water, shake and feed the

baby.

During the study it was noted that many young mothers have little knowledge about PIF, a
poor understanding of how to prepare, handle and store it and they rarely consult with their
physicians or group of other child-bearing women. These parts of the population have low
literacy. Consequently, this may be why, although the information is on the package, their

preparation knowledge is poor.

In the report they did not detail procedures followed in hospitals. But key aspects would be
the availability of trained personnel and facilities, safe (sterile) water and aseptic conditions
for preparation and transport and storage of ready-to-feed preparations to the wards under

sustained refrigeration up to the feeding time.

The situation in rural areas will be very different as most of the mothers will have at home-
births. As was previously stated, in the @t home preparationdsection, they do not have much

knowledge about PIF reconstitution and they are unlikely to ask for advice.
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6. GENERAL STATEMENT

There are significant differences between the WHO (2007) guidelines and the actual
procedures followed by parents and other carers. It may take a long time before the FAO-
WHO guidelines are implemented in hospitals and domestic scenarios. Nevertheless, the
packaging instructions do not necessarily comply with the FAO-WHO (2006) and FSA
recommendations of >70°C reconstitution temperature.

As COI-FSA (2006) reported, parents rely on previous knowledge that they have acquired or
on the advice from other people. Even those that looked for new information, such as books
or websites, could be acquiring out of date information. Furthermore, it should be noted that
most of the health carers think that the guidelines in relation to bottle feeding have not
significantly changed recently and rely on information from colleagues and leaflets. The WHO
2007 guidelines were published after the COI-FSA report. Therefore, it is unknown if their
perception of changes in the PIF feeding practices, has been influenced by this. If they do
recognise the changes in feeding practices, then they should be able to give the information

to the mothers/carers prior to bottle feeding when they are more receptive.

Due to the variation in preparation practices and consequent influence on bacterial risk and
the higher incidence of Cronobacter infections in newborn babies, it was decided to focus the
study on the possible scenarios for reconstituting PIF for infants aged 0-6 months, rather than
6 f o+or farmuladfor infants aged >6 months. This was primarily achieved using laboratory-
based temperature-time profiling of feeds prepared according to the practices described

above, and determining bacterial growth and death rates at appropriate temperature.

7. INFANT MILK AND INFA NT FORMULAS

Infant milks are a specific type of infant formula where the protein is derived from cows' milk.
Infant milks are suitable from birth and can be either 'whey-based' or 'casein-based'. The
formulas chosen for the study were from Group 1 dnodified cows milk protein6(whey based)
and Group 2 &nmodified cows milk proteind (casein based) and were the most commonly
found on the UK market. These were chosen to study whether the different types of PIF

affected survival under heat, growth rates and lag times.

7.1. Infant formulas for healthy infants

DI nfant formula manufactured from modirhikse d
In whey-based milks the cows' milk protein is adjusted so that the casein to whey ratio is

similar to breast milk (40:60). Whey-based milks may also have a lower mineral content

cowbs

mi
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(in particular sodium and potassium) which is important for newborn babies who have
immature kidneys. Whey-based milks, therefore, are the first choice of milk if a mother
does not breast-feed.

2) I nfant formula manufactured from unmodified cowbs
milks.
In casein-based milks the ratio of casein to whey remains the same as cows' milk (80:20).
Casein-based milks are generally used if the baby appears not to be satisfied on a whey-
based product. They can also be helpful in delaying the introduction of solids before the
recommended age of 4 to 6 months.

3) Ready to feed liquid milks
These are commercially sterile, ready to use liquid formulas.

4) Other formulas
These are formulas that have been modified to assist in digestion and/or help prevent

reflux or to help prevent protein allergy.

7.2. Infant formulas for special medical purposes

These products are intended for premature babies or babies with metabolic or other medical
disorders who have special nutritional needs. These products differ in composition from

formulas for healthy infants and are used under medical supervision only.

1) Soya milks
Soya infant formulas are formulated to be suitable for infants who cannot tolerate cows'
milk because they are either allergic to cows' milk protein and/or are unable to digest the
lactose in cows' milk. Soya infant formulas are nutritionally similar to cows' milk-based
formulas except that the protein used in the formula is an extract of the soya bean. The
carbohydrates used in soya infant formulas are usually glucose syrups. Soya milks can
also be used by parents who wish to feed their baby with a vegetarian product.

2) Preterm and low birth weight formulas
These formulas are specially formulated to help the development of preterm or low-
birthweight babies.

3) Formulas for food intolerance or allergy
These formulas are prepared for infants with a specific nutrient intolerance or allergy.

4) Formulas for metabolic disorders
Infants with metabolic disorders require special formulas to ensure they receive essential

nutrients and avoid those that they are unable to metabolise.

The term 6 f odolno W or mufl @16 Ip coWw o rappedrsat@ be open to interpretation in

some countries (Chap et al. 2009). For consistency, the CAC (1987) description of follow-up
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formulas should be used; products with the intended age >6 months, derived from milk, form
part of the diet, and are consumed as a liquid. Due to the significant differences between
formula intended for use by 0-6 months and >6 months old infants, as well as the much lower
incidence of Cronobacter infections in the latter age range, the kinetics of bacterial growth
and death in follow-on formulas were not considered in this report. There is also a very wide
variety of commercially available weaning foods for infants aged >6 months. These weaning
foods have a considerable number of bases, and flavours, such as cereal, fruit, and rice.
They also have various preparation instructions. Caregivers may also be introducing a

widening range of foods from their own diet during the weaning period.

8. TEMPERATURE PROFILING

Two infant formulas (casein- and whey-based) intended for infants aged 0-6 months were

chosen for time-temperature profiling. These were purchased from local retailers.

8.1. Temperature profiling of PIF for infants aged 0-6 months

Risk assessments need to separate Ouncertaintyé (due
(due to known factors such as biological variation), and must be described in a transparent
fashion. There are a large number of such factors to be considered during the reconstituted
PIF cooling process. Each volume will have a different cooling response, which will be
dependent upon the temperature of the environment. People will use different volumes,
different kettles (various materials and shapes) and will leave the kettle cooling for different
times. There are different reconstitution volumes, time and temperature at the room

temperature.

Initial studies were undertakeni n or der t o determine the cooling pr
pack©6 i nst r unpdratuce prefiing Was erfarreed by boiling 1000 ml of water in a
kettle, leaving it to cool at 18-22°C for 30 minutes, and then distributing it in different volumes
into baby bottles. The cooling temperature profile of water, casein- and whey-based PIF was
monitored. They were left to cool on the bench for one hour and afterwards left inside the
fridge at 2°C. The cooling profiles obtained could be divided in different stages as shown in

Figure 1, which uses whey-based PIF as an example.
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Figure 1. Cooling profiles for different volumes of whey-based infant formula during the first
eight hours. Readings are taken every 30 seconds with a 1000 series Thermistor Data-logger
(Eltek).

Stage 1:

Specific volumes of tap water were boiled in the kettle and left at room temperature to cool
down. Depending on the amount of water boiled, kettle geometry and materials will influence
the decrease in temperature. Table 5 shows the different temperatures obtained. Of
particular interest was the temperature after 30 minutes of cooling, following the advice from
FAO-WHO and FSA. The temperature after 30 minutes was between 52 and 73.3°C,
depending on the kettle used and volume of water boiled.



Table 5 Temperatures (°C) obtained after boiling water at different volumes
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Water volume 1000 ml

Time Kettle S Kettle O Kettle A Kettle M Kettle J Average

mn Average Stdev Average Stdev Average Stdev Average Stdev Average Stdev Average Stdev
0.0 98.4% 0.115 99.1 0.321 99.0 0.833 98.2 0.058 96.4 1.762 98.2 1.099
5.0 89.8 0.808 90.3 0.346 92.3 0.000 91.3 0.379 88.4 0.208 90.4 1.495
10.0 83.7 1.206 85.1 0.551 87.4 0.058 86.1 0.624 82.9 0.351 85.1 1.803
15.0 79.0 1.453 80.6 0.493 83.4 0.000 81.7 0.757 78.6 0.529 80.7 1.970
20.0 74.9 1.450 76.7 0.520 80.0 0.115 77.9 0.929 74.9 0.666 76.9 2.143
25.0 71.3 1.601 73.2 0.577 76.7 0.100 74.4 0.954 71.6 0.764 73.5 2.196
30.0 68.4 1.604 70.1 0.577 73.9 0.100 71.4 1.021 68.8 0.854 70.5 2.230
35.0 65.5 1.501 67.3 0.608 71.3 0.100 68.6 1.115 66.2 0.907 67.8 2.285
40.0 63.0 1.501 64.7 0.635 68.9 0.115 66.0 1.069 63.8 0.907 65.3 2.325

Water volume 500 ml

Time Kettle S Kettle O Kettle A Kettle M Kettle J Average

(mn Average  Stdev  Average Stdev Average Stdev Average Stdev Average Stdev Average Stdev
0.0 99.0 0.361 98.2 0.513 98.0 0.153 98.3 0.200 97.8 0.265 98.3 0.451
5.0 86.9 0.351 86.3 0.700 87.3 0.208 88.1 1.328 87.2 0.351 87.2 0.665
10.0 79.0 0.173 78.5 1.041 79.6 0.737 80.8 2.007 80.4 0.115 79.7 0.950
15.0 72.9 0.265 72.5 1.153 73.6 1.002 75.0 2.329 75.3 0.289 73.8 1.231
20.0 67.9 0.289 67.4 1.305 68.7 1.069 70.2 2.515 70.7 0.265 69.0 1.423
25.0 63.7 0.306 63.2 1.418 64.5 1.159 66.1 2.665 66.7 0.289 64.8 1.518
30.0 60.0 0.361 59.6 1.457 60.9 1.185 62.7 2.873 63.2 0.321 61.3 1.615
35.0 56.8 0.361 56.4 1.442 57.8 1.127 59.6 2.892 60.0 0.252 58.1 1.625
40.0 54.0 0.404 53.5 1.345 55.0 1.217 56.8 2.910 57.3 0.361 55.3 1.685

Water volume 250 ml

Time Kettle S Kettle O Kettle A Kettle M Kettle J Average

(i) Average Stdev Average Stdev Average Stdev Average Stdev Average Stdev Average Stdev
0.0 97.7 0.306 98.7 0.212 98.8 0.503 99.3 0.551 97.8 0.551 98.5 0.677
5.0 79.9 1.345 82.9 0.919 82.7 1.662 84.7 0.252 82.0 0.208 82.4 1.725
10.0 68.4 1.531 73.4 0.849 73.3 1.904 75.4 0.404 73.1 0.208 72.7 2.596
15.0 60.5 1.587 66.3 0.849 66.4 2.060 68.3 0.404 66.4 0.265 65.6 2971
20.0 54.4 1.845 60.6 0.849 60.9 2.159 62.9 0.451 61.0 0.265 60.0 3.249
25.0 49.8 1.795 55.9 0.919 56.5 2.166 58.3 0.451 56.6 0.265 55.4 3.288
30.0 45.9 1.815 52.0 0.849 52.8 2.120 54.6 0.458 52.9 0.265 51.7 3.334
35.0 42.7 1.852 48.7 0.778 49.7 2.128 51.4 0.451 49.7 0.321 48.4 3.348
40.0 40.1 1.852 45.9 0.778 47.0 2.128 48.5 0.400 46.9 0.321 45.7 3.257

Footnotes:  Temperature (°C). S and A were stainless-steel kettles >5 years old, M was a

plastic kette <5 years old, O and J were plastic kettles >5years old.

FAO/WHO (2006) recommends the rehydration of PIF no cooler than 70°C, therefore if the

package instructions of leaving water for 30 minutes to cool are followed in many of the cases

the temperature will be below this recommendation. It also shows that different kettles cool

down at different rates.
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Stage 2.

Different boiled water volumes were dispensed in feeding bottles to represent volumes
appropriate for different ages of infant. Then casein- or whey-based PIF was added according
to packaging instructions. The initial temperature for this stage was dependent on the time the
kettle was left to cool down. During the process of pouring the water into the baby bottles
there was an average temperature decrease of 10 °C, with the least temperature decrease of
6 °C. The heat lost was due to the energy used in the heat exchange with the environment

and the energy required to heat the bottle and the powder.

Table 6 shows the different cooling profiles for casein- and whey-based PIF when left at room
temperature. The greater the volume, the longer the cooling time in order to achieve the same
temperature. The experiments were carried out in triplicate and after alignment of the different
temperatures, statistical analysis was performed on the data obtained. It was found that there
were no statistically significant changes between the cooling down profiles of whey- based
and casein-based PIF. Therefore, the data for the model will be the averages of both types of
PIF.

Table 6 Cooling profiles of different volumes of casein- and whey-based PIF.

Time Whey-based PIF (ml) Casein-based PIF (ml)
(min) 90 120 150 210 240 90 120 150 210 240
0 66.8° 68.4 689 715 705 687 69.2 659 69.8 70.1
5 548 582 595 635 632 57.0 605 57.2 626 653
10 495 527 539 577 576 511 546 529 584 605
15 455 485 50.1 535 537 46.7 501 495 548 56.6
20 422 451 47.0 50.2 505 432 46.7 46.7 515 532
25 39.4 424 444 473 477 404 440 442 48.8 50.3
30 37.1 40.0 422 449 452 380 417 421 46.3 4738
35 35.2 38.0 40.2 428 431 36.0 39.7 40.2 442 455
40 335 36.1 384 408 412 344 379 385 423 436
45 321 346 369 392 395 329 363 370 405 418
50 30.8 332 355 377 379 316 349 356 39.0 40.1
55 29.8 320 342 36.3 366 305 337 344 377 386
60 288 309 331 351 354 296 326 333 364 373
65 279 299 321 340 343 287 316 323 352 36.1
70 272 29.0 31.1 329 332 279 30.7 315 342 349
75 265 283 303 321 323 273 299 306 332 339
80 269 276 295 312 315 266 291 299 324 33.0

% Temperature (°C)
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Stage 3.

Caregivers may rehydrate the powder and then put the bottle under running water (Table 7)

or leave it to cool inside a cold water bath (a Temperature (°C)

Table 8). When cooling the feed under running water, the time of cooling will be dependent on
the volume. Small volume will take less time to cool than large volumes and caregivers may
spend less time doing so (Table 7).

Table 7. Cooling profiles of different volumes of PIF when cooled under running water (19°C).

Time Volume (ml)

(min) 90 120 150 210 240
0 64.5° 61.4 64.5 71.0 68.1
1 58.3 60.6 50.9 65.9 64.0
2 42.8 46.9 40.9 54.4 57.5
3 32.8 37.2 34.0 45.7 47.2
4 26.9 30.6 29.1 38.8 39.9
5 23.3 26.1 25.7 34.3 34.4
6 19.7 23.2 23.2 29.8 28.5
7 21.2 21.7 26.3 25.5
8 23.9 24.9
9 22.3 23.2
10 21.0 21.4
11 20.5

® Temperature (°C)

Table 8. Cooling profiles of different volumes of PIF when left in a cold (19°C) static water
bath.

Time Volume (ml)

(min) 90 120 150 210 240
0 72.1% 63.2 68.4 70.5 70.9
5 325 32.0 41.8 42.8 38.1
10 23.9 25.2 29.7 30.1 27.6
15 21.4 23.0 22.6 24.6 23.8
20 20.5 22.1 21.9 22.0 22.6
25 20.1 21.6 21.2 20.7 21.3
30 20.0 21.2 20.3 20.0 20.8
35 19.8 20.8 19.8 19.7 20.1
40 19.7 20.5 19.6 19.5 19.8
45 19.5 20.3 21.1 19.5 19.5
50 19.4 20.0 20.7 19.5 19.5
55 19.3 19.9 20.4 19.4 19.3
60 19.2 19.7 20.1 19.3 19.2

® Temperature (°C)
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Stage 4.

The reconstituted PIF volumes were further cooled inside a fridge. Table 9 shows the cooling
profiles for the PIF inside a fridge with three different temperatures. As previously, the cooling
profiles for the higher volumes were longer than for smaller ones, and the colder the fridge the
quicker it cooled.

Table 9. Cooling profiles of different volumes of PIF inside a fridge with different temperatures.

- 6°C 3°C 1.5°C
(l[]n)e Volume (ml) Volume (ml) Volume (ml)
90.0 150.0 240.0 90 150 240 90 150 240
0.00 25.8* 29.3 319 24.9 29.6 393 28.1 30.1 303
033 21.1 238 27.6 22.6 226 316 225 255 251
0.67 178 19.8 23.9 19.0 185 26.1 184 216 209
1.00 155 17.0 20.9 15.9 155 219 15.1 18.2 17.2
133 136 147 18.4 135 13.2 18.7 12.5 15.4 14.1
167 122 13.0 16.5 11.6 114 16.1 10.9 13.4 12.1
200 111 117 14.8 10.1 10.0 14.0 9.6 11.8 104
233 101 106 135 8.9 8.9 12.3 8.2 10.3 8.7
2.67 9.4 9.7 12.3 7.9 7.9 10.9 7.3 9.1 7.9
3.00 8.8 9.0 11.4 7.1 7.2 9.8 6.7 8.3 6.9
3.33 8.3 8.4 10.6 6.4 6.6 8.8 6.0 7.5 5.9
3.67 7.8 7.9 9.9 5.9 6.1 8.1 55 6.7 5.3
4.00 7.4 7.5 9.3 5.4 5.6 7.4 5.2 6.3 5.0
4.33 7.0 7.2 8.8 5.0 5.2 6.8 4.7 5.8 4.4
4.67 6.7 6.9 8.4 4.6 4.9 6.4 4.3 5.3 4.0
5.00 6.5 6.6 8.1 4.3 4.6 5.9 4.2 4.9 4.0
5.33 6.3 6.4 7.7 4.0 4.4 55 4.0 4.6 35
5.67 6.1 6.2 7.5 3.8 4.1 5.2 3.7 4.3 3.2
6.00 5.9 6.1 7.3 3.6 4.0 4.9 3.6 4.1 3.3
6.33 5.8 5.9 7.0 34 3.8 4.7 34 3.9 2.9
6.67 5.7 5.8 6.9 3.3 3.7 4.4 3.2 3.7 2.7
7.00 5.6 5.7 6.7 3.1 3.6 4.3 3.2 35 2.8
7.33 55 5.6 6.6 3.1 35 4.1 3.1 34 24
7.67 5.4 55 6.4 2.9 34 4.0 2.9 3.2 2.3
8.00 5.3 5.4 6.3 2.8 3.3 3.8 2.9 3.1 2.4

% Temperature (°C)
Stage 5.

The samples are pre-warmed before feeding. This stage will depend upon the method and

temperature of heating.
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9. MILESTONE 03/01 - DETERMINE THERMAL DEATH INACTIVATION RATES OF
CRONOBACTER SPP. AND RELATED ORGANISMS.

9.1. Review of the literature.

A review of the literature for thermal death rates in PIF and milk-related products is given in
Table 10 to Table 13. A D value is the time required to reduce bacterial numbers by 90% at a
specific temperature. Z-values represent the temperature change that corresponds to a 10
fold change in a D value. It can be seen that relevant data is only available for Cronobacter

spp., Esch. coli and a number of Salmonella serovars.

The high amount of fat, protein and carbohydrate in the infant formula, compared to other
media, may protect Cronobacter spp. against thermal inactivation, thus resulting in higher D
values as shown in Table 6 (Gurtler et al. 2005, Kim and Park 2007). Spray and roller-dried
milk, the primary ingredients in infant formula, in addition to casein and whey proteins (b-
| act ogl oléctabuminss serurb albumin and immunoglobulins) may also affect thermal

inactivation rates (Gurtler et al. 2005).

Nazarowec-White and Farber (1997) obtained the highest D values reported and also used
the PIF with the highest fat content. High concentrations of fat are known to protect bacteria
from heat damage (Jay et al. 2005). Similar results were obtained by Kim and Park (2007).
They compared the D values of three strains in three different suspending media (saline,
infant formula and baby food) and reported that in general infant formula protected the
bacteria against heat. The thermal sensitivity was followed very closely by baby food and

saline showed the lowest protection.

There have been two publications on possible thermal resistance factors in Cronobacter spp.
William et al. (2005) and Asakura et al. (2007) reported potential molecular markers for
thermotolerance. Oravcova et al. (2008) have shown a link between the presence of the KT
gene and thermotolerance in Cronobacter spp. (Table 11). They also detected the gene in
other Enterobacteriaceae, but did not determine their D values. In contrast, Warby et al. (2008)
reported that there was no correlation between KT gene in Cr. sakazakii and

thermoresistance. Therefore this issue will be addressed as a secondary topic in this study.



Table 10. D and Z values for Cronobacter spp. as determined used first order kinetics.
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Source Substrate Dszoc (min) Dssec (min) Dsgec (min) Dsgec (min) Dsoec (min) Z(°C)
Nazarowec-White Infant formula with the highest fat 4-6
and Farber 1997 content (3.8g/100ml) 54.76-54.82  36.72-18.57 10.91-9.75 5.45-3.44 3.06-2.15

Disodium hydrogen
Breeuwer et al. 2003 phosphate/potassium 212(;” 822 31-36
dehydrogenate phosphate buffer. )
Non capsulated 16.4 5.1 2.6 1.1 5.8
Powdered infant
formula Capsulated 11.7 3.9 3.8 1.8 5.7
Iversen et al. 2004a
Non capsulated 14.9 2.7 1.3 0.9 5.6
Tryptone soya
broth Capsulated 10.2 1.2 1.7 0.2 5.6
Sensitive 0.51
Resistant 9.87 Most
Powdered infant formula fortified Half of the strains :
o : thermoresistant
Edelson-Mammel with iron. Dsgc < 0.83 min rouDs 5.6
and Buchanan 2004 the other half groups .
D > 5min
. Sensitive 4
Phosphate buffered saline Resistant 13
Saline 16.18-12.02 4.67-3.36 1.24-0.87 8.11-6.32
Infant formula 20.08-16.43 4.67-3.91 2.78-2.08 10.37-8.15
Kim and Park 2007
Baby food 17.48-14.18 6.32-5.17 2.76-2.09 11.26-9.24
Osmali et al. 2008 Powdered infant formula 16.40 5.34 2.12 0.56 4.12
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Table 11. Variation of Cronobacter spp. D value with KT protein gene detection.

Species Strain D value’ (s) KT Reference
58°C  60°C  9ene
Cr. sakazakii ATCC 29544 367.1 + Edelson-Mammel &
Buchanan 2004,
Cr. sakazakii SK90 465.4 + Williams et al. 2005
Cronobacter spp. LCDC 648 540.9 +
f 4.01C 571.9 +
f 607 591.9 +
" EWFAKRC11INNV1493 307.8 +
Cr. muytjensii ATCC 51329 30.5 -
fi NQ1 47.9 -
i NQ2 31.5 -
i NQ3 34.4 -
i LCDC 674 36.9 -
fi CDC A3 (10) 375 -
Cr. sakazakil. LMG 5740" 119.0 + Oravcova et al.
2008
Cronobacter spp. 210307/19 335.7 +
f 061107/08 212.6 +
f 091007/14 182.4 +
f 051206/10 163.2 +
0 LMG 2786 148.1 +
i 220108/52 139.8 +
f 201206/21 136.2 +
0 744/03 127.6 +
o LMG 2759 33.9 -
0 LMG 2762 28.1 -
o CCM 3479 2.4 -
0 1155/04 31.8 -
f 201206/19 30.1 -
f 201206/23 38.9 -
i 210307/06 36.0 -
f 280108/01 224 -



fi 050208/13
Cr. sakazakii FS08

fi FS10

fi FS05

fi FSO07

fi FS09

fi FS03

fi FSO01

i FS04

fi FS02

31.9 -
141 +
99.48 +
66.0 +
34.56 +
25.92 +
52.92 -
35.52 -
34.98 -
30.00 -
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Warby et al. 2008

Notes (1) Edelson-Mammel & Buchanan (2004) and Warby et al. (2008) used first order linear

kinetics, Oravcova et al. (2008) did not give any experimental details. (2) Other strains with

KT gene were Ent. cloacae, Cit. braakii, Cit. freundii, and Esch. vulneris, and not Ent.

aerogenus, Ent. amnigenus, Ent. cancerogenus, Ent. gergoviae, Cit. koseri, or Esch. coli.

Table 12 summarises thermal survival studies of Esch. coli.

It can be seen that as the

proportion of milk concentrate rises there is an increase in D value, suggesting it provides

protection against heat.

Table 12 D-values for Esch. coli ICMSF 1996)

Substrate Strain Dssec (Min)  Ds7.2.c(Min)  Degoec (S€C)  Desec (S€c)
Milk concentrate 10% skim milk solids 0104:H7 8.5
Milk concentrate 30% skim milk solids 0104:H7 11
Milk concentrate 42% skim milk solids 0104:H7 14.5
Milk concentrate 51% skim milk solids 0104:H7 235
Raw milk 0111:B4 1.3
Skim milk 0111:B4 5.5
Whole milk 0111:B4 6.6
40% cream 0111:B4 3.5
Cows milk 0157:H7 0.12
0157:H7 0.0012
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Table 13. D-values for Salmonella serovars in milk (ICMSF 1996)

Serovar Temperature (°C) D value (seconds)
Salm. Anatum 62.8 5.1
fi 65.6 1.4
fi 68.3 0.46
Salm. Binza 62.8 5
fi 65.6 15
fi 68.3 0.52
Salm. Cubana 62.8 5.7
fi 65.6 1.8
fi 68.3 0.28
Salm. Meleagridis 62.8 3.6
fi 65.6 1.1
fi 68.3 0.40
Salm. New Brunswick 62.8 5.4
fi 65.6 1.3
fi 68.3 0.44
Salm. Senftenberg 65.6 34
fi 68.3 10
fi 1.7 1.2
fi 73.9 0.55
Salm. Tennessee 62.8 5.2
A 65.6 1.4
f 68.3 0.38

Salm. Meleagridis showed the highest sensitivity to heat of all the Salmonella serovars
studied in Table 13. Salm. Senftenberg has the highest thermal resistance, and the rest of the
strains had very similar D values. A comparison of data in Tables 12 and 13, shows that

Salmonella serovars are more thermoresistant than the three Esch. coli tested.

9.2. Laboratory D-value determination

The same two powdered infant formulas as used for time-temperature profiling were chosen
for D-value determination. For accurate temperature treatment, submerged coil waterbath
was provided by Dr Patrick Druggan (Oxoid Thermo Fisher Ltd.). Some previous workers
transferred heat-treated samples to ice at timed intervals before determining the viable count
(Soo-Hwan & Park, 2007; Breuwer et al. 2003). However it is highly probable that this caused
a cold-shock and explains the differences in D and z values obtained by Breuwer et al. (2003)
compared with others (Table 10). Therefore time-temperature treatments were chosen
whereby samples were taken for viable count determination without storage on ice. Dss and
Dse values were calculated every 2.5 minutes, and Dsg values were calculated every 1.5

minutes.

Log-linear microbial death kinetics has been widely used by the food industry. However,
nowadays it is accepted that log-linear microbial death kinetics is a generalization of more

complex patterns (van Asselt & Zweitering 2006, Brul et al. 2007). In addition, one of the

maj or problems with modelling microor garfBruf msé

et al. 2007); cf. Section 5.1.

behan
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Bacterial thermal death graphs were plotted and D values calculated using a log-linear
relationship (i.e. Figure 2). Even though the values obtained were closer to a line when the
time points were reduced, the phenomenon of shouldering and tailing was still present, albeit
not so marked. These are shown in Figure 2to 5. An example of shouldering is apparent
with strains 658 and 605 in casein-based PIF. An example of tailing is given with strains 658
in whey-based PIF and 153 in both PIF; Figure 3. Nonetheless some samples showed
linearity; for example strain 464 in both whey- and casein-based PIF; Figure 3. An Excel Add-
on with 7 mathematical models was used for data analysis (Geeraerd et al. 2005).

In general, organisms heat treated in the whey-based product had higher D values than in the
casein-based product (Table 14, Figure 3 and Figure 4). The data was analysed using the
Wilcoxon non-parametric test for relative samples and it was apparent that, at the three
temperatures studied, the difference between whey-based and casein-based was statistically
significant (p<0.05). Nevertheless the values obtained were not very different, in general less

than 3 minutes at 55°C, and the differences were less significant at higher temperatures.

Figure 2. Thermal inactivation of different Enterobacteriaceae in whey-based reconstituted
PIF at 55°C.

10.00 ~

y=-0.0203x+7.9291 114
R?=0.7605

=-0.0663x + 7.9136 605
R?=0.9056
=-0.1763x + 8.1958 153
R?=0.9427

y=-0.2599x + 7.7784 658
R?=0.8671

Viable count (log cfu/ml)

2.00 y=-0.5005x+ 7.0558 464
[]

R?=0.9455

0.00

T T T T T T 1
0 2 4 6 8 10 12 14

Time (min)

153 C. freundii ® 464 S. marcesens » 114 Cr. sakazakii x 658 Cr. sakazakii x 605 E. coli
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Figure 3. Comparison of Enterobacteriaceae survival in whey- and casein-based reconstituted
powdered infant milk at 55°C.

Viable count (log cfu/ml)

0.00

0 2 4 6 8 10 12 14

Time (min)
—— 153 C. freundii W —=8— 464 S. marcesens W 114 Cr. sakazakii W
—m— 658 Cr. sakazakii W —x—605 E. coli W ---4-- 153 C. freundii C
---m--- 464 S. marcesens 114 Cr. sakazakii C ---m-- 658 Cr. sakazakii C
---x--- 605 E. coli C

W = Whey-based reconstituted PIF; C= Casein-based reconstituted PIF

The reason for this phenomenon at 55°C was purely mathematical, being due to the
differences in the gradient of the linear model. When there was not a large difference in the
recovery values (< 1.5 log cfu/ml drop during 12.5 minutes) the gradient (a) was generally
less than 0.07, and small differences in the gradient make a big difference in the D value
which is calculated from X = (Y-b)/ a.

Figure 5 illustrates this phenomenon at 55°C. In this figure it can be seen that small
variations of the gradient (0.0434) can make a difference of 34 minutes in the D values;
multiplying (Y-b) by a gives a D value of 49.26 minutes for a = 0.0203 and 15.70 minutes for
when a = 0.0637. At 56°C, a gradient variation of 0.0613 results in a D value difference of 3
minutes; using X= (Y-b)/a gives 5.6 minute D value for a = 0.1774 and 8.61 minutes for a =
0.1161.

H. alvei and Esch. coli strain 605 were different to the other organisms studied, as they gave
a 4-fold greater recovery from whey-based PIF than casein-based PIF; Table 14. Possibly the
higher whey content protects these bacteria during thermal inactivation; cf. E. coli D-values,
Table 12. Differences in recovery were probably due to the different ingredients as previously
suggested by Gurtler et al. (2005) and Van Asselt & Zwietering (2006). Jay et al. (2005)
enumerated the main factors that affect heat resistance of microorganisms, which included fat
and salt. However comparison of the formula ingredients showed that there were no

differences in these parameters between the two types of milk. The whey-based PIF had a
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slightly higher concentration of carbohydrates than casein-based PIF, although both had the
same concentration of lactose (7g per 100ml of reconstituted powder). Therefore it is
plausible that the 0.4 extra grams of unidentified carbohydrates found in a whey-based
product affected their D values. The presence of sugars in the media produces an increase in
bacterial heat resistance (Jay et al. 2005). Higher concentrations of whey seem to have a
protective effect in bacterial survival to heat stress. We propose that the differences in the
protein structure for whey and casein may play an important role in bacterial resilience to heat

treatment in a whey-based formula.

Van Asselt and Zwietering (2006) collated a large number of D values from different studies of
several organisms (Salmonella spp., L. monocytogenes, Cl. botulinum and B. cereus) and
showed that the variability in the D values was greater between the data published than the
survival variability on most reported factors (water activity, pH, etc). Similarly, a comparison of
D values for Cronobacter spp. shows a large variability in values; Table 10. This variability is

due to a number of factors such as technique used or recovery media.
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Figure 4. Survival of Cr. sakazakii strain 658 at 55, 56 and 58°C in whey- and casein-based
reconstituted PIF.

10 -

Viable count (log cfu/ml)

Time (min)

—— 658 Whey/55 ---¢--- 658 Casein/55 —#— 658 Whey/58
---m--- 658 Casein/58 658 Whey/56 658 Casein/56

Figure 5. Survival of Cr. sakazakii strain 114 at 55 and 56°C in whey- and casein-based
reconstituted PIF.

y=-0.0203x+7.9291Whey 55 y =-0.0637x+8.2056 55 Casein 55

R?=0.7605 R?=0.9309

=

y =-0.2042x + 8.5502 Whey 56

Viable count (log cfu/ml)
~

R? =0.7921
y =-0.1774x + 7.7962 Casein 56
R? = 0.9633
0 2 4 6 8 10 12 14
Time (min)

---#-- 114Whey/55 —e— 114Casein/55
114 Casein/56 114 Whey/56

Cr. malonaticus and Cr. sakazakii were originally classified inside the same 16S rDNA cluster
(Ilversen et al. 2004b), and as it can be seen in Table 14, both species showed higher D
values than the other Cronobacter spp. However, Cr. malonaticus strains were in general less
heat tolerant than the resistant strains of Cr. sakazakii.
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Table 14 shows the D values for the wide range of Enterobacteriaceae studied. These values
are comparable with the data previously reported for Cronobacter spp., Salmonella serovars
and Esch. coli (Table 10 to Table 12). The species that showed the highest D values at the
three temperatures was Salm. Senftenberg, which in a whey-based PIF had D values of Dgs=
36.23 min, Dsg= 18.21 min, Dsg= 15.65 min and a z=9.18°C. Ng et al. (1969) studied the heat
resistance of different strains of Salmonella and found that Salm. Senftenberg was the most
resistant to heat amongst all of them. Although Ent. hormaechei showed higher D values at
55 and 56 (Dss= 53.48 min, Dsg= 33.67 min) it was not as resistant as Salm. Senftenberg at
58°C (Dsg= 3.21 min) and its z value was smaller z= 2.37°C. All of those values were
calculated for a whey-based PIF. When two more Ent. hormaechei were added in the study,
it was found that they did not have such a high D value. This could reflect diversity within the
species, which has been subject to a taxonomic revisions and classifications. Ent.
hormaecheiwas ori gi nal |y etal.f(1989ewhenbhgy stOdeH alarge group of
enteric organisms associated with blood stream infections. Hoffman et al. in 2005 defined
three subspecies of Ent. hormaechei. Recently this organism has been associated with a
NICU outbreak which previously was attributed to Cr. sakazakii (Townsend et al. 2008b). All
of the Ent. hormaechei strains were identified by 16S rDNA sequencing. Of particular interest
is that the specific Ent. hormaechei strain (790) with the high D-value at 55°C had been

isolated from a neonatal enteal feeding tube (Hurrell et al. 2009).

The third species that showed high thermoresistance was Cr. sakazakii in particular strain
114. The Cronobacter spp. showed large variability between strains, as has previously
reported (Nazarowec-White & Farber 1997, Edelson-Mammel & Buchanan 2004, Iversen et al.
2004a, Asakura et al. 2007, Kim & Park 2007). Asakura et al. (2007) differentiated
Cronobacter spp. strains into three groups (resistant, moderate and sensitive to heat).
Unfortunately the 16S rDNA cluster groups or species that their strains belonged to is
unknown. Nevertheless, they used two culture collection strains, ATCC 29544 and ATCC
BAA-894, which in our study correspond to strains 114 and 658, and are in 16S rDNA
sequence cluster group 1. They werecat egori sed as O6r etsal. 003dnt 6 by As
During our studies, Cr. sakazakii strain 114 showed the second highest resistance to heat
among all of the Enterobacteriaceae studied and the highest resistance among all of the Cr.
sakazakii studied. However, strain 658 did not demonstrate such high resistance and its D
values were the second lowest among the Cr. sakazakii. This particular strain was isolated
from an unopened tin of formula that was associated with the 2001 Tennesse outbreak
(Himelright et al. 2002).

Cr. malonaticus strains showed lower recovery at high temperature than the more resistant
strains of Cr. sakazakii. It can be seen in Table 14 that both strains had higher D values than

the other Cronobacter spp.



Table 14. D and z values of Enterobacteriaceae and Acinetobacter species.
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D® (minutes) Z (°C)
KT
Organism Strain . a PIF
protein 53 54 55 56 58 °C SD
Cr. sakazakii 114° v Whey 4926 861 168 213 0.96
Casein 1570 564 168 318 0.85
Cr. sakazaki 1 v Whey 13.77 523 304 489 0.88
Casein 12.79 6.63 227 404 1.00
y Whey 937 463 154 387 094
. sakazak
Cr. sakazaki 767 N Casein 573 252 157 570 0.89
y Whey 385 228 123 6.22 094
Cr. sakazakii 658¢ N
Casein 2.24 2.08 1.20 10.58 0.95
Cr. sakazaki 0 N Whey 284 255 085 544 0.94
Casein 2.25 2.17 0.85 6.67 0.91
Cr. malonaticus 1215 v Whey 576 384 233 7.82 0.98
Casein 428 303 224 1115 0.89
Cr. malonaticus 685 N Whe'y 275 193 067 491 0.99
Casein 2.29 2.03 0.45 4.04 0.93
Cr. turicensis 57 N Whey 250 215 151 1361 1.00
Casein 230 121 056 5.02 0.98
cr. dublinensis 5800 N Whe'y 245 231 114 856 0.98
Casein 2.36 1.75 0.85 6.71 1.00
Cr. muytiensii 3" N Whey 293 161 044 363 1.00
Casein 166 1.23 044 509 0.99
Salm. Senftenberg 1188 N Whey 36.23 1821 1565 9.18 0.73
Casein 19.80 14.79 6.62 6.22 0.99
Whey 333 301 116 6.23 094
Salm. Anatum 1197 Y
! o Casein 265 230 128 922 0098
Salm. Enteritidie 358 N Whe_y 255 205 1.83 2237 0.87
Casein 248 218 0.75 750 0.92
Ent. hormaechei 290 v Whe_y 53.48 33.67 321 237 0097
Casein 45.68 4098 3.48 261 0.89
. Whey 238 195 095 7.34 0.98
Ent. hormaeche 451 N
! S Casein 235 233 072 546  0.90
Ent. hormagchei 505 N Whe_y 251 209 096 6.97 0.98
Casein 219 225 098 7.96 0.87
H. alvei 236 v Whe.y 33.33 1661 470 354 1.00
Casein 8.67 6.87 3.83 8.37 1.00
Esch. coli 796 v Whe_y 18.05 279 145 3.00 0.80
Casein 10.34 325 143 369 0092
. Whey 1560 10.09 226 350 0.99
Esch. col
seh. col 780 N Casein 1033 522 167 382 1.00
Esch. col 605 N Whey 15.08 1052 7.04 935 0097
Casein 3.65 2.72 151 14.97 0.97
Acinetobacter sp. 415 N Whe_y 1168 481 156 351 0098
Casein 1653 222 154 327 0.70
Cit. freundii 153 N Whey 505 275 142 562 0.97
Casein 5.05 1.74 1.51 6.49 0.89
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- Whey 833 217 132 410 081
K. pneumoniae 273 Casein 496 155 128 575 0.70
Ent cloacae 40 Whey 376 285 121 598 099
Casein 281 270 118 750 092
Cit. Koseri S0 Whey 285 1.90 123 849 097
Casein 265 198 086 605 099
<. oxytoca 27 Whey 258 150 073 559 0.9
Casein 255 165 074 560 099
Ent. cancerogenus 806 Whey 252 223 161 ND 1028 094
Casein 227 214 208 023 376 0095
Ent vulneris o Whey 227 141 099 878 0093
Casein 167 118 073 850 099
Ser. marcencens 464 Whey 200 125 096 1007 0.88
Casein 197 174 096 929 092
b ananatis " Whey 268 262 172 847  0.86
Casein 3.05 2.82 2.02 926  0.89

a Presence of KT gene associated with thermotolerance; Williams et al. (2005).

b D-values tabulated

here were determined using log-linear kinetic data analysis. Z-values were determined based on these
log-linear determined D-values. c Cr. sakazakii type strain ATCC 29544. d Cr. sakazakii BAA-894. e Cr.
sakazakii ATCC 12868. f Cr. malonaticus type strain LMG 23826. g Cr. dublinensis NCTC 9844 h Cr.
muytjensii type strain  ATCC 51329. ND= not detected.

As it was previously mentioned, first order log-linear microbial death kinetics is a simplification
of more complex patterns (van Boekel 2002). During the last three decades, together with an
increase in computational power, there has been a number of models developed describing
non-linear kinetics for microbial inactivation (Mafart et al. 2002, Albert & Mafart 2005, Brul et
al. 2007). Some of the models that have been proposed are mechanical or pseudo-
mechanical and others are empirical (Geeraerd et al. 2000, Mafart et al. 2002, Couvert et al.
2005). They are applicable to the data under study but one of their limitations is that they give
a specific solution for each set of data, which will not be the best fit for a new data set (Mafart
et al. 2002, Couvert et al. 2005, Brul et al. 2007).

Log-linear kinetic modelling considers that the microbial population is homogeneous.
Whereas in the non-linear models it is considered that there is variation within the microbial
population (Mafart et al. 2002, Brul et al. 2007). Curvilinear semi-logarithmic survival curves
have been observed during the present study, which shows the differences in the population

under study;
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Figure 3 to Figure 5. After considering a number of options, it was decided to apply the
Weibull distribution model to the non-linear inactivation curves. This is a very simple, yet
flexible and robust model to describe microbial inactivation. The constant p from Equation 1
gives as an indication of the type of curve. This parameter is able to describe tailing (p<1),
shouldering (p>1) and linearity (p=1) (van Boekel et al. 2002, Mafart et al. 2002, Couvert et al.
2005, Albert & Mafatt 2005).

t p

(3] t\P N t\P
N=Ns, ;logN=log NO_[E) ; IogW=—(—j

0

Equation 1. Weibul distribution. Where N represents the number of surviving cells

after a duration of heat treatmentt. Ngi s t he ini ti al size of

parameters of data distribution for a given temperature.

Equation 1 can also be presented as:

Equation 2.  Where n repesents the decimal reduction ratio.

t

he

pop

The parameter U can now be cal.liedstirmstofcfedstode

decimal reduction of bacterial thermal death, and is a parameter close to the classical concept
of D value (Mafart et al. 2002, Albert & Mafart 2005). Nevertheless, this parameter should be
differentiated from the conventional D value which represents the decimal reduction rate over
the total heat treatment period. However, as can be seen in Figure 2 to Figure 5 and Equation

1, the observed bacterial death is non-linear and dependent on the heating period.

We have applied a n E x ¢ e I-ift called @lgaFIT from Katholieke Universiteit Leuven
(Belgium) which enables non-linear survival data to be analysed according to a number of
mathematical models (Geeraerd et al. 2005). As previously stated, after a review of the
literature it was decide to focus on the Weibull model, since it provides very good fitting for
shouldering and tailing. The most important feature of this model is that it provides the
parameter U close to the classical concept of D values and this parameter is also related with
the z value (Mafart et al. 2002, Albert & Mafart 2005). Table 15 shows the different
parameters (o, p) studied in Weibull modelling for some of the strains studied in different

conditions.
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Table 15. ¢ and p values of Enterobacteriaceae and Acinetobacter species using Weibull

modelling.
Organism Strain T (°C) PIF Log N, & (min) p
55 Whey 7.89 2950 1.55
Casein 8.10 1411 1.95
Cr. sakazakii 114 56 WheY 7.7 5.88 1.05
Casein 8.01 9.49 3.61
58 Whey 8.12 193 1.10
Casein 8.01 2.39 1.30
55 Whey 7.34 13.94 0.80
Casein 7.54 11.97 0.43
Cr. sakazakii 1 56 Whey 7.59 242 0.56
Casein 7.15 490 0.71
Whey 5.69 230 0.78
58/B
Casein 6.98 0.79 0.56
55 Whey 8.25 1.40 0.57
Casein 7.87 1.24 0.76
Cr. sakazakii 658 56  Whey 8ir 065 0.59
Casein 7.88 0.18 0.44
58 Whey 7.86 0.19 0.51
Casein 8.06 0.25 0.56
55 Whey 7.83 219 0.86
Casein 7.96 0.31 0.48
.. Whey 8.12 0.47 051
Cr. sakazak 56
zadl 2 Casein 7.77 0.05 0.34
58 Whey 8.70 0.01 0.26
Casein 7.89 0.02 0.30
55 Whey 7.88 16.95 5.35
Casein 7.99 4155 1.08
. Whey 7.87 13.77 2.78
Ent. hormaeche 7 56
b 790 Casein  7.88  13.83 8.25
58 Whey 7.99 443 159
Casein 7.81 4.65 1.58
55 Whey 8.01 13.29 1.01
Casein 7.84 5.87 1.59
. Whey 7.93 9.68 0.76
Esch. col 56
! 605 Casein 795 311 0.88
58 Whey 7.25 7.34 4.69
Casein 7.89 161 1.04
55 Whey 7.83 12.09 1.89
Casein 8.14 16.46 1.02
. Whey 8.30 6.12 1.33
Acinetobacter sp.
P 415 56 Casein 8.35 2.38 1.04
58 Whey 8.13 0.60 0.64
Casein 8.52 1.94 1.16
c5  Whey 8.02 7.31 145
Cit. freundii 153 Casein 8.21 6.20 1.28
56 Whey 7.73 5.08 1.63

Casein 9.47 207 1.05



K. pneumoniae 273
Esch. vulneris 49
Cit. koseri 598
K. oxytoca 379
Cit. freundii 52

Ser. marcensens 464

58

55

56

58

55

56

58

55

56

58

55

56

58

55

56

58

55

56

58

Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein

7.69
7.96
8.04
7.58
8.02
8.13
8.09
8.02
8.42
8.37
8.58
8.64
8.09
8.03
8.20
8.62
7.79
8.31
8.62
8.14
7.70
7.63
7.98
7.54
8.10
7.60
7.75
7.95
0.00
8.10
8.02
8.05
7.89
8.09
8.03
8.53
8.21
7.95

231
1.50
3.06
5.06
0.02
0.12
0.02
0.03
3.42
3.74
1.20
0.70
0.09
0.13
0.49
0.26
1.33
0.61
0.03
0.14
0.52
0.49
0.07
0.38
0.16
0.09
0.17
0.06
0.00
0.00
0.04
0.02
0.49
0.33
0.04
0.47
0.03
0.08

1.40
1.00
0.37
1.02
0.29
0.44
0.32
0.34
0.93
1.24
0.65
0.55
0.43
0.47
0.48
0.43
0.84
0.63
0.37
0.48
0.52
0.52
0.37
0.57
0.47
0.42
0.42
0.37
0.00
0.22
0.37
0.34
0.58
0.53
0.35
0.62
0.40
0.44
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Table 16 shows the comparison between the use of a log linear model and the Weibull

modelling. Thirty three percent of the samples showed shouldering (p>1), of which 86%

displayed higher killing time when studied using a non-linear methodology and compared

against a linear method. For instance, Cr. sakazakii strain 114 at 55°C showed a difference of

almost 20 minutes between a log linear model and a non-linear model. Figure 6 shows that

the differences were not noticeable over the experimental period. It can be seen in the figure

that Weibull modelling showed some shouldering although the best lines of fit were very

similar in both methods (Figure 6). The total viable count reduction in 15 minutes was less
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than 0.30 log reduction. Hence small variations in the viable count of the survivors can make
large differences between the D value and the § value. This difference is more pronounced
when the R? for the linear model is less the 0.95. This phenomenon is quite common in
situations where there is a high bacteria survival and the slope (a) in the linear model is small

(as previously described).

Sixty-seven percent of the samples showed tailing (p<1). This indicates that in the majority of
the cases the remaining cells have less probability of dying, and suggest a possible greater
resistance to the heat. They had a lower recovery according to the non-linear model
compared with the linear model. Van Boekel (2002) studied fifty five bacterial genera in order
to detect the temperature dependence of the two parameters, and found that the majority
showed shouldering (p>1). The difference between their findings and our, could be the

different genera studied.

Table 16. Comparison of the death rate values obtained for the first decimal decrease when a

log linear model and a non-linear model were applied.

Organism Strain T(°C) PIF  D(min) 8(min) p &/D ratio®
Whey 49.26 29.50 1.55 0.60

S5 Casein 15.70 14.11 1.95 0.90

) Whey 861 588 1.05 0.68

Cr. sakazakil 114 56 Casein 564 949 361  1.68
Whey 168 193 1.10 1.15

58 Casein 168 239 130  1.42

s Whey 1377 1394 080 101

Casein 12.79 11.97 0.43 0.94

) Whey 523 242 056  0.46

Cr. sakazakil ! %  Casein 663 490 071 074
s Whey 304 230 078 076

Casein 2.27 0.79 0.56 0.35

s Whey 385 140 057 036

Casein 2.24 1.24 0.76 0.55

) Whey 228 065 059 0.28

Cr. sakazakil 658 56 Casein 208 018 044  0.09
g Whey 123 019 051 015

Casein 1.20 0.25 0.56 0.21

Whey 2.84 219 086 0.77

S Casein 225 031 048 014

) Whey 255 047 051 0.18

Cr. sakazakil 2 % Casein 217 005 034 002
s Whey 085 001 026 001

Casein 085 002 030 0.02

s Whey 5348 1695 535 032

Ent hormacchel 790 Casein 4132 4155 1.08 1.01
s Whey 3367 1377 278 041

Casein 40.98 13.83 8.25 0.34



Esch. coli

Acinetobacter sp.

Cit. freundii

K. pneumoniae

Esch. vulneris

Cit. koseri

K. oxytoca

Cit. freundii

605

415

153

273

49

598

379

52

58

55

56

58

55

56

58

55

56

58

55

56

58

55

56

58

55

56

58

55

56

58

55

56

58

Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein
Whey
Casein

3.21
3.48
15.08
3.65
10.52
2.72
7.04
151
11.68
16.53
4.81
2.22
1.56
154
5.05
5.05
2.75
1.74
1.42
151
8.33
4.96
2.17
1.55
1.32
1.28
3.76
2.81
2.85
2.70
1.21
1.18
2.85
2.65
1.90
1.98
1.23
0.86
2.58
2.55
1.50
1.65
0.73
0.74
2.27
1.67
1.41
1.18
0.99
0.73

4.43
4.65
13.29
5.87
9.68
3.11
7.34
1.61
12.09
16.46
6.12
2.38
0.60
1.94
7.31
6.20
5.08
2.07
2.31
1.50
3.06
5.06
0.02
0.12
0.02
0.03
3.42
3.74
1.20
0.70
0.09
0.13
0.49
0.26
1.33
0.61
0.03
0.14
0.52
0.49
0.07
0.38
0.16
0.09
0.17
0.06
0.00
0.00
0.04
0.02

1.59
1.58
1.01
1.59
0.76
0.88
4.69
1.04
1.89
1.02
1.33
1.04
0.64
1.16
1.45
1.28
1.63
1.05
1.40
1.00
0.37
1.02
0.29
0.44
0.32
0.34
0.93
1.24
0.65
0.55
0.43
0.47
0.48
0.43
0.84
0.63
0.37
0.48
0.52
0.52
0.37
0.57
0.47
0.42
0.42
0.37
0.00
0.22
0.37
0.34

1.38
1.34
0.88
1.61
0.92
1.14
1.04
1.06
1.04
1.00
1.27
1.07
0.38
1.26
1.45
1.23
1.85
1.19
1.62
0.99
0.37
1.02
0.01
0.08
0.02
0.02
0.91
1.33
0.42
0.26
0.07
0.11
0.17
0.10
0.70
0.31
0.03
0.17
0.20
0.19
0.04
0.23
0.22
0.12
0.08
0.04
0.00
0.00
0.04
0.03
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Ser. marcensens 464 56

58

Whey 2.00 0.49
Casein 1.97 0.33
Whey 1.25 0.04
Casein 1.74 0.47
Whey 0.96 0.03
Casein 0.96 0.08

0.58
0.53
0.35
0.62
0.40
0.44

0.25
0.17
0.03
0.27
0.03
0.08

28/D ratio between the non-linear model and the linear model.
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When the viable count over 15 minutes was reduced by 1 to 2.5 log cycles, the & values were

between 7 and 16 minutes. In these situations the times for the first logarithmical reduction

were very similar for the Weibull modelling and the linear modelling (Table 16). For instance,

E. coli strain 605 showed a difference of ca. 1.8 minutes (15.08 and 13.29 min) for both

models. Figure 7 shows that this difference is not apparent when the graphs for both models

are compared. The p value for the Weibull model was 1.01, therefore these value was very

close to one, and hence linearity when fitted with the Weibull model (Figure 7).

Figure 6. Comparison of the two different models for Cr. sakazakii strain 114 in a whey-based

PIF at 55°C.
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7.50 . .
0.00 5.00 10.00
Time (min)
¢ Weibull —— Non linear (Weibul)
A Measured — Linear (Measured)

15.00




46

Figure 7. Comparison of the two different models for Esch. coli strain 605 in a whey-based
PIF at 55°C.
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As shown in Table 16, the difference between the D value and & between the models was
1.48 minutes with a ratio of 0.35 for the first decimal reduction during the Weibul model when

compared with the linear model.

Figure 8 shows that using the Weibull method, when p< 0.6 there was a large difference
between the times for first logarithmical reduction using the non-linear method compared with
the linear method. The &/D ratio between both methods was less than 0.5, and therefore the
d was 50% lower than the D value. Figure 9 confirms that this difference was due to the
manner that Weibull methodology fits the data. It can be seen that when p< 0.6 the model
has a very pronounced initial concavity that makes the & value lower and very different to the

D value as obtained using linear fitting.

Figure 9 shows a typical example of p<1. The difference between both models was of 1.48
minutes, with a ratio difference between both models of 0.35 less time for the first decimal

reduction using the Weibull model when compared with the linear model; Table 16.
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Figure 8. Relationship between the p values and the &/D ratio between the linear model and

the non-linear model.
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Figure 9. Comparison of the two different models for Cr. sakazakii strain 1 in a casein-based

PIF at 58°C.
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Mafart et al. (2002) and van Boekel (2002) found that although p value is a constant, it
changes as a function of the temperature, that it can be fixed as an average value
characteristic for each different strain. When p is fixed there are only two unknown

parameters in Equation1, U and N. They proved that U0 have the

towards temperature as conventional D value. Therefore we can calculate the z value as;

N
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T-T

§=6"10 =z

Equation 3. Where O is the time for the first decimal reduction at a reference

temperature T .

Table 17 shows the average p value for a selection of three strains. Some variability was
seen depending of the strain. For instance, Cr. sakazakii strain 658 did not show a large
variability between p values, the average p was 0.57+ 0.10. Whereas Cr. sakazakii strain 144
presented a larger variability; after averaging all of the p values for strain 114, a value of
1.76+ 0.96 was obtained and the standard deviation shows that there is a large variability
between the p values. The different p values were analysed and it was seen that there was a
p value that was really out of the range (p=3.61 for 56°C casein-based product), therefore it
was decided to recalculate the average p value without this data and an average p of 1.39+
0.37 was obtained. When Mafart et al. (2002) defined for the first time the concept of
average p value they studied the Weibul fitting for spore formers, and in the data they gave
the standard deviation of the p values was only 0.04. However when van Boeckel (2002) and
Couvert et al. (2005) studied the Weibull model for a larger number of genera, higher
standard deviation were seen in the p values than for Marfart et al. (2002), and their variability

was similar to the one found during our study.

Table 17. Calculation of the average p value Cr. sakazakii and Acinetobacter spp.

Organism Strain Tem?%;i ture PIF Log No 5 p Average p SD
55 Whey 7.89 29.50 1.55
Casein 8.10 1411 1.95 1.76 0.96
. Whey 7.77 588 1.05
. 56
Cr. sakazaki 114 Casein 8.01 9.49 3.61
58 Whey 8.12 1.93 1.10 1.39 0.37
Casein 8.01 2.39 1.30
55 Whey 8.25 1.40 0.57
Casein 7.87 1.24 0.76
.. Whey 8.17 0.65 0.59
. 56 . .
Cr. sakazakii 658 Casein 788 018 044 0.57 0.10
58 Whey 7.86 0.19 0.51
Casein 8.06 0.25 0.56
55 Whey 7.83 12.09 1.89
Casein 8.14 16.46 1.02
. Whey 8.30 6.12 1.33
A tobact 415 56 1.18 0.42
cinetobacter Casein 8.35 2.38 1.04
58 Whey 8.13 0.60 0.64

Casein 8.52 1.94 1.16
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Once the average p was calculated, the & could be calculated and these are shown in Table
18. The time for the first decimal reduction was considerably reduced. Therefore, it seems
that with our data the use of a constant p value completely distorted the data obtained. Figure
10 shows a comparison of the different regression lines obtained when fitting our data for Cr.
sakazakii strain 658 at 55°C in a casein-based PIF. Although in Figure 10 there does not
appear to be much difference, when the values for the first decimal reduction are analyzed
(Table 18), there was a 1 minute difference between the linear model and Weibull and 27
seconds between Weibull and constant p Weibull. Larger differences are obtained when the p
average value has a higher standard deviation. Figure 11 illustrates this phenomenon. It
shows how once the p values was set to the average, the equation obtained for the different

values did not fit the initial data.

Table 18. Comparison of the three different models for calculation of bacterial first decimal

reduction.
Linear mode| Non-linear 6/D I’atioa
i Weibul  Weibul fi
. . Temperature PIF Log linear U butixp .

Organism Strain °C) tvpe _ Weibul
yp D (min) §(min)  §(min)  Weibul  To
- Whey 49.26 29.50 7.47 0.60 0.15
Casein 15.70 14.11 6.69 0.90 0.43
) 114 Whey 8.61 5.88 5.83 0.68 0.68

. 56 .
Cr.sakazakii 21 59 Casein 5.64 9.49 5.50 1.68 0.97
- Whey 1.68 1.93 2.61 1.15 1.55
Casein 1.68 2.39 2.58 1.42 1.54
- Whey 49.26 29.50 7.99 0.60 0.16
Casein 15.70 14.11 7.44 0.90 0.47
) 114 Whey 8.61 5.88 5.66 0.68 0.66

. sakazak 56

Cr. sakazakii ") 76 Casein 5.64 9.49 548 168 097
- Whey 1.68 1.93 2.98 1.15 1.78
Casein 1.68 2.39 2.97 1.42 1.77
- Whey 3.85 1.40 1.41 0.36 0.37
Casein 2.24 1.24 0.58 0.55 0.26
) Whey 2.28 0.65 0.57 0.28 0.25

. sakazak 56 .
Cr. sakazakil 658 Casein 2.08 0.18 0.46 009 022
- Whey 1.23 0.19 0.28 0.15 0.23
Casein 1.20 0.25 0.27 0.21 0.22
- Whey 11.68 12.09 7.15 1.04 0.61
Casein 16.53 16.46 13.04 1.00 0.79
. Whey 4.81 6.12 5.42 1.27 1.13
Acinetobacter 415 56 Casein 2.22 2.38 2.90 107 131
- Whey 1.56 0.60 2.05 0.38 1.31
Casein 1.54 1.94 1.98 1.26 1.29

 Ratio between the non-linear model and the linear model.
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Figure 10. Comparison between the regression line obtained using Weibull and fixed Weibull

for Cr. sakazakii strain 658 at 55°C in a casein-based PIF
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Figure 11. Comparison between the regression lines obtained using Weibull and fixed Weibull
for Cr. sakazakii strain 114 at 56°C in a casein-based PIF.
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Although the equation presented by Mafart et al. (2002) in order to find a relationship between
6 and z worked with the data they analysed, it does not fit our data. Possibly this is due to the
source of the data, and the variability in the p values. Couver et al. (2005) analysed the effect
of environmental factors such as pH, on the survival of heated bacterial spores. They stated
that use of & and constant p value could be applied for the canning industry. However,
although the 5 values were similar for variable and constant p, when the different graphs are

calculated with constant and variable p values, it was found that by fixing the p value the data
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no longer fit the initial data. Some authors have previously fitted bacterial death kinetics with
Weibull model for non-sporeformers (Virto et al. 2006, van Opstal et al. 2005, van Boekel
2002). However to the best of our knowledge no-one has tried to find a relationship between
d and z. We consider that although Weibull modelling is a good mathematical tool for fitting
the experimental data, it over parameterizes the data and it does not take into count the
possible fluctuations in the data between batches. Furthermore, in order to calculate the z
values using the Weibull model we needed to make the p value constant. However, by fixing
this value the new Weibull equation did not fit our initial data and most of the &s5 values
obtained are considerably smaller. Consequently it was decided to use the D and z values as
calculated by the linear model for the risk model analysis, since in general this gives the

highest first logarithmical reduction, which can be considered the worse case scenario.

9.2.1 Correlation between the presence of the KT protein, and thermoresistance.

In agreement with Oravcova et al. (2008), Cr. sakazakii type strain ATCC 29544" (LMG 5740")
did contain the KT protein gene (Williams et al. 2005; Table 12 & 15). However, as reported

by Warby et al. (2008) and unlike Oravcova et al. (2008), there was no correlation between
thermal resistance and the presence of the gene. This gene is not present in Cr. sakazakii
strain 658, and this was confirmed by searching the genome of the strain (Osaili & Forsythe
2009). The gene was found in 9/29 Enterobacteriaceae, including 3/10 Cronobacter strains,
1/3 Salmonella serovars (most noteably not Salm. Senftenberg), the highly thermoresistant
Ent. hormaechei, Hafnia, 1/3 Esch. coli strains, and Ent. cancerogenus. Therefore this marker

should not be regarded as indicative of thermoresistance in Cronobacter spp.

9.3. Milestone 03/02. Determine the effect of biofilm and cell clumping on thermal
death times.

Thermal death is normally determined using bacterial cells in free suspension which have
been grown in broth culture. However, bacteria can grow as biofilms on inert surfaces and
this may affect their ability to withstand heat. Additionally, as the biofilm ages the cells will
become dislodged as clumps and these will influence the colony count as a measure of
viability. In order to determine whether biofilm formation affected the D-value of the organisms
under study, a range of Cronobacter species and other organisms were selected. They were
grown on plastic surfaces as biofilms in both types of PIF, and then gently disrupted by
agitation with saline in order to make a cell suspension prior to D-value determination. A

temperature of 58°C was chosen for the comparison.
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Table 19. Bacterial D values (min) at 58°C when grown in planktonic and biofilm state.

Organism (strain) PIF type Dss p(l;rillli;onica Dsezr?]iicr)ll;ilm Differenz:; iir?)D value
Cr. sakazakii (114) Whey 1.8 568 0
Casein 1.68 3.26 -1.58
Cr. sakazakii (658) C\Z/Z1 23} 11'_223 3481? 12?
Cr. sakazakii (2) (\;/legfﬁ, 822 (1)32 8%
Cr. malonaticus (1212) c\:/;:z% ggj 23(13 g(g
Cr. turciensis (57) C\:A;Zgi)l; égé 82431 %%%
Cr. dubilinensis (582) o 23} o - 021
Cr. muytjensii (3) (\3/;23, gjj i?g :Sgg
Ent. hormaechei (790) C\I/Z.:;)Ilﬂ 22; ;ig 22:
H. alvei (236) c\gzgi}; 34 .873 ;;i égg
E. coli (796) g;';x o Te4 o
Acinetobacter sp. C\:/lez?; 122 gi; ég;

? Planktonic bacteria were pre-grown as a biofilm which was disrupted in order the suspend

the organism before heat treatment, and determination of the D-value.

As shown in Table 19, Cr. sakazakii strains 114 and 658 were more heat resistance when

pregrown as a biofilm, with D-value differences of up to 2 minutes at 58°C. This was not

apparent for Cr. sakazakii strain 2.

Other organisms showing more heat resistance (D value

difference ~1 min) were Cr. turicensis, Cr. muytjensii, Ent. hormaechei, and H. alvei.

Figure 12 shows a comparison between the recovery of heat treated planktonic and biofilm

grown cells of Cr. sakazakii strain 2. Due to the non-linear decline in the number of survivors,

the difference in the D-values between the two sets of data is not clear. Please note the D-

values in Table 19 were determined using log-linear kinetics.
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Figure 12. Comparison between the recovery of Cr. sakazakii strain 2 after heat treatment at

58°C, when grown as a biofilm or planktonic. The linear trend line is given.
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In contrast, Cr. sakazakii strain 114 showed clear difference in survival between planktonic,

and biofilm-grown cultures. This can be seen in Figure 13.

Figure 13. Comparison between the recovery of Cr. sakazakii strain 114 after heat treatment

at 58°C, when grown as a biofilm or planktonic. The linear trend line is given.
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9.4. Milestone 04/01. Determine the effect of heat shock and desiccation on D-
and z-value.

As covered later in the report (Section 11) there was insufficient recovery of organisms after
desiccation for further studies. The effect of heat shock was to be determined on desiccated

cells, following reconstitution with different temperatures and therefore was not undertaken.

10. OBJECTIVE 04/01. ENUMERATE STRESSED BACTERIAL CEL LS, INCLUDING
SUBLETHALLY INJURED ORGANISMS, USING VARIOUS RESUSCITATION
METHODS.

In 2005, Gurtler and Beuchat compared the recovery of a cocktail of four strains of
Cronobacter spp., in seven different types of agar in order to determine which media was the
best for the resuscitation of cells from 5 stress conditions. In all the cases studied it was found
that TSA enriched with 0.1% sodium pyruvate (TSAP) was the media that recovered a higher
number of bacteria. TSA and TSAP were not compared. This has been addressed in our

study.

Table 20 shows the viable counts obtained after heat stress at 3 different temperatures.
Ninety two percent of the samples showed no differences between the recovery on TSA and
TSAP. Of the samples that showed statistical differences, two showed higher recovery on
TSAP whereas four showed higher recovery on TSA. Thirty nine percent of the samples
showed higher recovery when recovered on TSAP, 36% had higher recovery on TSA, 8%
showed the same recovery in both media. Cells were not recoverable from 17% of the

samples.

In general no statistical differences were found between the recovery on TSA when compared
against TSAP. Therefore although previous authors (Gutler & Beuchat, 2005, Lin et al. 2007)
have added sodium pyruvate for resuscitation of stress cells, the present study has shown

that this addition was not necessary.
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Table 20. Recovery of Cr. sakazakii and Cr. muytjensii after heat treatment on TSA and TSA

supplemented with 0.1% sodum pyruvate.

Temperature (°C)

Organism (strain) PIF Time
type  (min) 55 57 58
TSA TSAP t-test TSA TSAP t-test TSA TSAP t-test
cfu/ml cfu/ml cfu/ml cfu/ml cfu/ml cfu/ml
0 2.00E+08 5.15E+08 0.479 5.83E+07 5.17E+07 0.519 5.83E+07 5.17E+07 0.715
3 4.63E+05 5.38E+05 0.823 3.83E+03 3.17E+03 0.552 8.33E+03 7.00E+03 0.329
Cr. muytiensii 3 Whey 6 6.00E+05 5.50E+05 0.134 3.50E+03 4.25E+03 0.926 7.33E+03 5.67E+03 0.206
9 5.88E+05 6.00E+05 0.818 2.75E+03 3.25E+03 0.887 3.50E+03 2.83E+03 0.417
12 5.75E+05 6.67E+05 0.598 1.50E+03 2.50E+03 0.643 2.50E+03 2.67E+03 0.768
15 4.17E+05 6.83E+05 0.130 ND 1.67E+02 1.50E+03 ND
0 1.88E+08 3.05E+08 0.125 5.38E+07 9.25E+07 0.719 6.67E+07 5.33E+07 0.321
3 5.50E+05 9.17E+05 0.306 2.50E+05 2.67E+04 0.002 1.30E+04 1.03E+04 0.653
Cr. muytiensii 3 Casein 6 9.80E+04 6.33E+05 0.004 4.90E+04 2.75E+04 0.911 5.50E+03 5.67E+03 0.643
9 5.13E+04 4.67E+04 0.312 1.25E+04 2.25E+04 0.233 3.67E+03 3.50E+03 0.851
12 2.00E+06 3.33E+05 0.651 4.75E+03 8.25E+03 0.053 1.50E+03 2.50E+03 0.374
15 6.25E+04 2.25E+04 0.192 2.25E+03 4.88E+03 0.064 2.00E+03 ND
0 1.67E+07 2.83E+07 0.242 7.67E+07 6.50E+07 0.184 4.00E+07 6.33E+07 0.202
3 8.50E+04 7.50E+04 0.435 1.18E+05 9.17E+04 0.033 4.00E+03 2.00E+03 0.848
Cr. sakazakii 658  Whey 6 3.75E+03 4.00E+03 0.930 1.53E+05 1.80E+05 0.659 ND ND
9 3.25E+03 3.25E+03 1.000 8.67E+04 9.00E+04 0.561 ND ND
12 2.83E+03 3.00E+03 0.872 7.67E+03 1.13E+04 0.049 ND ND
15 2.75E+03  2.25E+03 0.872 3.83E+03 2.50E+03  0.039 ND ND
0 5.00E+07 2.25E+07 0.643 5.83E+07 7.33E+07 0.461 6.67E+07 6.17E+07 0.624
3 4.00E+04 1.83E+04 0.233 3.17E+04 4.17E+04 0.349 3.00E+03 2.67E+03 0.374
Cr. sakazakii 658  Casein 6 6.50E+03 1.53E+04 0.035 2.50E+03 3.67E+03 0.360 ND ND
9 ND 1.01E+04 2.50E+03 2.00E+03 0.742 ND ND
12 ND 3.83E+03 1.50E+03 1.50E+03 0.519 ND ND
15 ND 2.50E+03 ND ND ND ND

TSA= Tryptone soya agar. TSAP = Tryptone soya agar supplemented with 0.1% sodium

pyruvate. ND = not detected; detection limit was 1.7 x 10? cfu/ml.



56

11. MILESTONE 05/01. PREPARE SPRAY -DRIED POWDERS OF CR. SAKAZAK!// AND
RELATED ORGANISMS FO R THERMAL SURVIVAL S TUDIES.

Arku et al. (2008) studied the persistence of Cronobacter spp. after spray drying. Cronobacter
spp. were able to survive the process with decreases in viable counts between 2.98 and 1.05
log cfu/g, and persisted for at least 12 weeks, with decreases in recovery under desiccation
conditions from 1.99 to 0.47 cfu/g. Caubilla-Barron et al. (2007) desiccated a number of
Enterobacteriaceae strains and found that some strains of Cr. sakazakii, Pantoea spp., K.
oxytoca and Esch. vulneris were able to survive under desiccation conditions for a period
longer than two years. Previously other authors reported the desiccation resistance of
Cronobacter spp. for a period longer than 31 days (Breeuwer et al. 2003, Gurtler & Beuchat

2005) and over a period of at least two years (Edelson-Mammel et al. 2005).

After analyzing the D values obtained for the different Enterobacteriaceae (see Section 6.2),
strains with higher D values where chosen for spray drying. Those strain were Cr. sakazakii 2,
114 and 658, H. alvei 236, Acinetobacter 415, Ent. hormaechei 790, Esch. coli 796, and
Salm. Senftenberg 188.

To spray dry bacteria, 1.6 litres of skimmed milk were evaporated from a concentration of
10% (wt/vol) to a total concentration of 30% in solid (wt/vol). The evaporator worked at a
pressure of 0.95 bar. The different bacterial cultures were grown overnight on TSB and they
were diluted in the concentrated milk to 10°-10" cfu/ml. After inoculation, the concentrated
milk was pumped at a speed of 18 rpm into an atomizer, where it formed small particles.
These particles came in contact with hot air at a temperature of 150°C, at this temperature the
water from the milk evaporates very fast and milk powder droplets formed were collected. The

milk powder samples were stored in plastic containers, away from light.

Table 21. Bacterial viable count before and after spray drying.

. . Initail inoculum size Viable _coun_t Logarithmic
Organism Strain after desiccation .
(cfu/ml) reduction
(cfulg)
Cr. sakazakii 2 7.68E+06 1.33E+04 2.76
Cr. sakazakii 114 6.14E+06 ND 6.79
Cr. sakazakii 658 6.73E+06 ND 6.83
H. alvei 236 2.95E+06 3.33E+03 2.95
Acinetobacter sp. 415 4.80E+07 1.97E+03 4.39
Ent. hormachei 790 7.26E+06 3.92E+03 3.27
Esch. coli 796 3.60E+06 8.33E+01 4.64
Salm. Senftenberg 1188 8.39E+06 8.33E+01 5.00
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Table 21 shows the decrease in the bacterial numbers after desiccation. Some of the bacteria,
such as Cr. sakazakii strains 114 and 658, were not recoverable after desiccation. Esch. coli
and Salm. Senftenberg were only present in low numbers such as one colony recovered per
triplicate agar plate for the neat sample. The strain that survived spray drying the best was Cr.
sakazakii strain 2, which only had a reduction of 2.76 log in the viable count. The
logarithmical reduction obtained for strain 2 was similar to Arku et al. (2008). Nevertheless the
other two strains of Cr. sakazakii were not recoverable after spray drying, whereas Arku et al.
(2008) reported recovery in all of their four strains. The difference results could be due to

differences in the bacteria used, experiment design or in the settings of the spray dryer.

Initially one of the aims of the project was to analyze the differences in the bacterial heat
resistance of normal cells against cells that have been spray dried. Nevertheless after
performing the experiment for bacterial spray dry, it was found that there was insufficient
recovery of bacterial cells for any further studies. Apart from Cr. sakazakii strain 2, the viable
count of the recovered spray-dried strains were <4 X 10° cfu/g. Following the necessary
dilution steps in resuspending the spiked PIF and sampling would bring the number of cells

below the detection limit.

12. MILESTONE 06/01. DETERMINE LAG TIME AND GROWTH RATES OF
CRONOBACTER SPP. AND OTHER ORGANISMS USING CONVENTIONAL
TECHNIQUES AND GFP/LUX-TAGGED STRAINS.

12.1. Review of the literature

A summary of the research into growth rates in reconstituted PIF and milk-related products is
given in Table 23. Previous research has been focussed on the FAO/WHO Category A
organisms Cronobacter spp. and Salmonella. However, there is a general lack of data for
other pathogenic Enterobacteriaceae that can be present in PIF, and no comparison of the
growth rates of different members of Enterobacteriaceae in reconstituted PIF has been
published. According to a new reclassification scheme the group of organisms formerly
known as E. sakazakii was subdivided into 5 different species i Cr.sakazakii, Cr. turicensis,
Cr. muytjensii, Cr. dublinensis and Cr. malonaticus. This is the first study examining growth
of different species of Cronobacter, the majority of other existing growth data (except that of

NTU) were determined for uncertain Cronobacter species.

Iversen et al. (2004a) reported a mean doubling time for Cronobacter spp. in PIF of 19-21 min
at 37°C, 13.7 h at 6 °C and 1.7h at 21°C. In another similar study, the mean doubling times
were determined as 13.7 h at 6°C, 1.3 h at 21°C and 22.0 min at 37°C (NTU, unpublished
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data). The growth rates determined by Kandhai et al. (2006) using the square root
Ratkowsky model and the secondary Rosso model were over 10% lower than the values
reported by Iversen et al., i.e. 8.7 h at 10°C and 27 min at 37°C.

In another study by Gurtler and Beuchat (2007), different types of reconstituted PIF inoculated
with Cronobacter spp. were stored at 4, 12, 21, and 30°C and populations were monitored for
up to 72 h. Cronobacter spp. did not grow in formulae stored at 4°C and growth was not
particularly influenced by the composition of PIF. The summary of the study is given in Table
22.

Table 22. Growth of Cronobacter spp. in reconstituted PIF (Gurtler & Beuchat 2007).

Initial population Population increase Temperature Incubation time
(cfu/ml) (log cfu/ml) (°C) ()
0.02 o 1 12 48
0.02 o0 1 21 12
0.02 o 1 30 8
0.53 o 1 12 24
0.53 o 1 21 8
0.53 2.55-3.14 30 8
0.02 O 0.25 30 4
0.53 O .4D 30 4

In a recent growth study, Lenati et al. (2008) observed growth rates of Cronobacter spp. in
breast milk, breast milk with fortifiers and PIF at 10, 23 and 37°C. The reported growth rates
in PIF were 42.6 + 1.8 at 23°C and 17.4 + 1.4 min at 37°C. The mean growth rate at 37°C for
Cronobacter determined in this study is 29% higher that the value reported by Lenati et al.
(2008). It should be noted, however, that 5 different species of Cronobacter were used for our
growth rate determination and that the growth rates were significantly different between the

two types of PIF used.

Growth characteristics for other Enterobacteriaceae in reconstituted infant formula are not
available. Consequently, Table 23 summarises doubling times of the organism in PIF-related

products, skimmed and whole milk.
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Table 23. Growth rates for various Enterobacteriaceae in skimmed and whole milk.

Source Substrate Organism Temperature  Doubling time

(°C) (h/gen)
Skimmed milk EIEC 21 1.5-1.6
fi ETEC 21 1.3-1.8
Frank & Marth 1977 & EIEC 32 0.48-0.58
fi ETEC 32 0.43-0.47
Whole milk E. aerogenes 23 0.8
f E. aerogenes 10 4.2
Nazarowec-White & fi 6Enterobact 23 0.85
Farber 1996 fi O6Enterobaatt 10 4.2
fi E. cloacae 23 0.69
fi E. cloacae 10 2.7

12.2. Laboratory determination of Enterobacteriaceae growth rates.

The same two powdered infant formulas as used for D-value determination were chosen for
growth rate determination. Growth rates of all strains above ambient temperature were
obtained using the RABIT system (Rapid Automated Bacterial Impedance Technique, Don
Whitley Scientific Ltd.). The system is based on the direct and indirect impedance technique.
Bacterial growth is detected by the change of conductance of the culture media (direct
method), or the liberation of carbon dioxide (indirect method) (Silley & Forsythe 1996). At
temperatures of 21°C and below air incubators were used with viable count determination at

regular time intervals.

The upper temperature ranges are pertinent for modelling bacterial growth of survivors in
formulas which have been reconstituted at raised temperatures, and also for formulas for

which mild rehydration temperatures have been indicated on the packaging.

Table 24 shows the growth rates for the various Enterobacteriaceae in both reconstituted PIF

over the temperature range 21 - 44°C.
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Table 24. Generation time of bacteria grown in casein- or whey-based PIF at a range of

temperatures
) ) Generation time (min)
Organism Strain  PIF

21°C 27°C 37°C 41°C 44°C

Cit. freundii 153 W 52 36 25 39 ND
C 46 39 26 48 ND

Cit. koseri 598 W 46 40 23 29 ND

C 52 41 23 23 ND

Ent. cloacae 49 w 58 39 23 26 52
C 55 40 22 26 58

Esch. coli 605 w 85 40 21 20 24

C 77 37 21 19 21

Esch. coli 780 W 43 37 18 17 18

C 41 37 21 20 22

Esch. coli 796 W 43 20 20 18 20

C 37 18 15 16 26

Acinetobacter sp. 415 W 41 64 35 35 ND
C 35 75 41 41 ND

Cr. sakazakii 1 W 46 41 25 22 23
C a7 39 22 23 30

Cr. sakazakii 2 W 56 37 20 20 21
C 87 40 24 24 24

Cr. sakazakii 114 W 54 58 33 31 39
C 55 60 34 39 46

Cr. sakazakii 658 w 86 35 20 22 28
C 94 42 22 21 22

Cr. sakazakii 767 w 52 38 19 20 21
C 61 41 21 20 23

Cr. malonaticus 1212 W 59 53 24 23 35
C 76 48 28 31 31

Cr. malonaticus 685 W 40 55 25 25 33
C 58 48 32 35 ND

Cr. turicensis 57 w 48 35 20 18 ND
C 54 39 23 21 ND

Cr. muytjensii 3 W 73 35 20 20 21
C 73 36 23 24 23

Cr. dublinensis 582 W 66 33 22 26 33
C 54 41 25 28 ND

Ent. cancerogenus 806 W 41 38 23 29 ND
C 43 37 24 24 ND

Esch. vulneris 52 w 65 39 29 ND ND
C 67 36 28 ND ND

Ent. hormaechei 790 w 44 33 20 20 ND
C 43 32 22 22 ND

H. alvei 236 W 54 37 38 ND ND

C 55 41 ND ND ND

K. oxytoca 379 W 43 37 23 23 ND

C 41 40 23 26 ND

K. pneumoniae 273 w 48 40 21 21 33
C 52 41 22 24 42
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Salm. Enteritidis 358 W 52 39 25 25 ND
C 46 43 30 30 ND
Salm. Anatum 1197 W 43 33 19 36 ND
C 41 40 23 39 ND
Salm. Senftenberg 1188 w 49 35 20 27 60
C 47 29 24 32 ND
Ser. marcescens 464 W 46 37 27 ND ND
C 44 34 23 ND ND
P. ananatis 44 W 44 28 33 ND ND
C 56 43 33 ND ND

Footnotes:

C = casein-based PIF, W = whey-based PIF. ND = growth not detected

It is apparent that there is both considerable similarity, and variation between the growth rates
of the various Enterobacteriaceae strains studied. In general, all organisms had doubling
times of ~20 minutes at 37°C in both formulae. However, the optimal growth temperature

varied between strains of the same species, and was also dependent upon the formula type.

Optimal temperature for growth varied between the Enterobacteriaceae. For most stains, the
optimum temperature was ~37°C. However, for most Cronobacter strains and all Esch. coli
strains, a higher optimum temperature of ~41°C was observed. Interestingly, all these strains
exhibited relatively short generation times at 44°C (ranging from 20 to 46 min, with average
value of 25 min), whereas growth was not detected for most other Enterobacteriaceae strains

at this temperature (with the exception of Ent. cloacae, Esch. coli and K. pneumoniae).

Differences in upper temperature range for growth were noted within the Cronobacter group.
Cr. sakazakii, Cr. muytjensii and Cr. malonaticus type strain (1212) were able to grow at 44°C,
whereas Cr. turicensis was not detectable at this temperature. Cr. dublinensis showed
different growth behaviour in whey- and casein-based PIF. They were able to grow in whey-

based PIF, but their growth in casein-based PIF was limited.

A significant difference in doubling times between the two types of formula was observed at
37°C and 41°C (p=0.013 and p=0.006, respectively). At these temperatures, the bacteria grew
faster in whey-based PIF, whereas no significant difference between the two formulas was
noted for temperatures 21°C and 27°C. It was notable that Esch. coli 796 had shorter

doubling times than all the other Enterobacteriaceae.

One of the most notable results of this study is the upper growth temperature of Cronobacter
strains. At 44°C the organisms exhibited growth rates comparable to optimum growth rates of
other Enterobacteriaceae at their optimum temperature (37-39°C) of growth, with doubling

times ranging from 21 to 46 minutes. Iversen et al. (2004a) reported mean doubling time for 6
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different Cronobacter strains grown in reconstituted whey-based PIF at 44°C of 30 min. The
mean doubling time of Cronobacter strains that grew in PIF at 44°C reported in our study was
28 min. Interestingly, Cr. sakazakii strains 1, 2 and 767 and Cr. muytjensii strain 3 could
double every 21-23 min in casein-based PIF. Considering that the reconstitution temperature
in some feeding practices is < 50°C, this has a very important implication for the safety of PIF
products. Reconstitution temperature close to 50°C would not mean a significant reduction of
the microbial load in the product, it could even support microbial growth during cooling and
storage. Notable differences in growth rates have been observed for casein- and whey-based
PIF, although these should have virtually identical nutritional content according to the product
labels. This might be attributed to different source of the key nutrients, presence of inhibitory
substances in the particular formulations or a discrepancy between the product label and the

product content.

At lower temperatures (21°C, 27°C and 37°C), growth was detected for Hafnia, Serratia,
Pantoea and Esch. vulneris, whereas the same strains showed no response at higher
temperatures (41°C and 44°C, Table 24). Furthermore, growth of these strains was influenced
by the type of PIF. H. alvei gave direct impedance response at 37°C in whey-based PIF but
no response in casein-based PIF. Since lactose is the major sugar in both formulae and all
these organisms are lactose non-fermenters, we hypothesized that these organisms might
have not produced enough ionic fermentation end products and their growth could have been
missed by the direct impedance method. The growth of these four species was re-
determined using the indirect impedance method, whereby growth is detected by the
liberation of carbon dioxide (Silley & Forsythe 1996). The indirect method confirmed the
results obtained via the direct method and showed that these strains did not grow at elevated
temperatures. Same values were obtained for H. alvei (generation time of 38 min in whey-
based PIF and no detectable response in casein-based PIF) using both direct and indirect

impedance methods.

12.3. Determination of lag-phase and recovery time using viable count and tagged
organisms.

In microbial kinetics, the lag phase is usually observed before bacterial multiplication as a
delayed response to a change in environment, i.e. change of the culturing conditions and can
occur in both growth and inactivation processes (Swinnen et al. 2004). It is defined as a
transition period during which the specific growth rate increases to the maximum value
characteristic for the culture environment. Mathematically it can be defined by extrapolating
the plot of the biomass (log) towards the time axis to where it intercepts with the initial
biomass value (Pirt 1975). It has been observed that the lag phase duration increases with

decreasing temperatures (Buchanan & Klawitter 1992). Thus, lag phase determination is
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especially important for growth modelling at sub-optimal temperatures. Lag phase duration is
influenced by a variety of factors (changes of environmental conditions, the entity and the
phenotype of the bacterium, the growth stage or physiological history of the cells, the
inoculum size) and accurate predictions of the lag phase are very difficult to obtain (Swinnen
et al. 2004).

Two most common methods used to monitor bacterial growth are total viable count and

optical density (OD) measurement. As OD measurement cannot be used with turbid solutions

such as reconstituted PIF, our experiments were based on the total viable count approach.

Tem millilitres of reconstituted infant formula, prepared according to the manuf act ur er 0s
instructions, were inoculated with 100 pl of an overnight TSB culture of the tested strain.

Samples were incubated at 21°C and the viable count for each sample was determined at 0,
1,2,3,4,5,7,9, 11, 15, 19 and 23 h after inoculation. The viable counts were in triplicate on

TSA plates.

Whereas the choice of the experimental technique appears to be less influential, the choice of
the right mathematical model to fit experimental data is crucial for accurate determination of
lag time (Baty et al. 2003). Our data has been analysed by the Microfit software tool
(www..ifr.ac.uk/microfit) which uses the model proposed by Baranyi and Roberts (1994). The
Baranyi model was designated as the most constant model that provides the best fit for the
majority of datasets and gives reasonably precise lag time estimates as was proved in a

comparison of different models by Baty et al. (2003).

Table 25 shows lag times of Enterobacteriaceae strains in casein- and whey-based PIF.
There is considerable variation both between different strains and between the two media.

The longest lag times were observed for Acinetobacter sp.
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Table 25. Lag phase duration of selected Enterobacteriaceae and Acinetobacter in
reconstituted PIF at 21°C.

Organism Strain Lag time(h)
W C
Acinetobacter sp. 415 4.0 9.1
Esch. coli 605 1.0 1.6
Esch. coli 780 2.7 3.6
Esch. coli 796 2.4 3.3
Cr. sakazakii 1 1.6 2.7
Cr. sakazakii 2 1.8 0.0*
Cr. sakazakii 114 2.7 4.6
Cr. sakazakii 658 1.5 0.0*
Cr. sakazakii 767 2.7 1.9
Cr. malonaticus 685 3.2 3.2
Cr. malonaticus 1212 2.2 15
Cr. turicensis 57 1.9 1.8
Cr. muytjensii 3 1.5 24
Cr. dublinensis 582 1.8 3.4
Ent. cancerogenus 806 2.0 3.3
Esch. vulneris 52 1.3 3.3
Ent. hormaechei 790 1.3 2.8
H. alvei 236 0.9 2.0
K. oxytoca 379 1.5 21
K. pneumoniae 273 0.7 2.0
Salm. Enteritidis 358 1.8 15
Salm. Anatum 1197 1.5 2.1
Salm. Senftenberg 1188 2.0 2.7
Ser. marcescens 464 2.3 3.4
P. ananatis 44 3.2 5.4

W = Whey-based PIF C = Casein-based PIF

* = |ag times not accurately predicted by Microfit

Figure 14 shows the distribution of lag times in two different PIFs. It is apparent that
organisms grown in casein-based PIF tend to have longer lag times compared to whey-based
PIF. The average lag time at 21°C for all strains grown in casein-based PIF was longer (2.8h)
compared to the average lag time in whey-based PIF (1.9 h). The lag times of all strains were
compared using the Wilcoxon signed ranks test and the difference between the two media

has been proven to be statistically significant at the level p=0.001.
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Figure 14. Distribution of lag time duration of Enterobacteriaceae grown in casein- and whey-
based PIF.

Lag time duration

8 A O Whey-based PIF
6 - @ Casein-based PIF

Number of strains

2 -

0 |_| T T T T -_I

<1lh 1-2h 2-3h 3-4h >4h
Time (h)

It is important to note that these values were obtained after a pre-incubation period in TSB
and longer lag times should be expected in the case of a powdered PIF directly reconstituted
with water, as abrupt changes in water activity will probably result in a longer adaptation

phase.

12.3.1 Generation of lux- and GFP-tagged of Cr. sakazakii and other selected

Enterobacteriaceae

When bacterial numbers are low it is often possible to determine growth by tagging the
organism with a fluorescent marker. The more bacteria with this marker, the higher the
fluoresecence generated. One such marker is the Green Fluorescence Protein (GFP) from
Aquerioria victoria which is frequently used as a marker to determine cell numbers and to
locate tagged bacterial cells when interacting with other systems. When excited at 475nm it

emits light at 535nm which can be detected and quantified.

The di sadvantage with GFP is that it does not measu
present. When dealing with survival after dessication there will be a number of damaged

bacterial cells that will be present, but with a sub normal metabolism. This can be detected

through the lux series of bioluminescent genes that encode for the luciferase (lux) enzyme

and its substrate. These genes provide a luminescence that is related to not only cell

numbers but the metabolism of the cells.
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Three approaches were taken to tag the bacteria with green fluorescent protein (GFP) and
luciferase (Lux) in order to determine the lag phase duration with respect to initiation of

protein synthesis and metabolism respectively. These approaches were:

1. Tagging using a single plasmid combining gfp-lux expression.
2. Transposon mutagenesis.

3. Tagging with two separate plasmids encoding GFP, and lux.

1. Dual GFP, Lux- delivery plasmid

Initial studies revealed that many of the strains used in the previous reconstitution
experiments were highly resistant to the selective antibiotic marker ampicillin. This restricted
the choice of tagging vectors. Nevertheless, a plasmid containing both GFP and Lux genes
(PLUX-GFP) was transformed successfully into Cr. sakazakii strain 2 resulting in ampicillin
resistant organisms. However the level of fluorescence due to GFP was too low and was only
detectable if the bacteria were grown in TSB but not in whey-based PIF. No Lux production

could be detected in any media.

The levels of fluorescence achieved are shown in Figure 15. These were < 2-fold higher than
untagged bacteria, and levels dropped markedly when organisms were grown in media

without the selective antibiotic.

Figure 15. Fluorescence readings from four Cr. sakazakii strain 2 transformants containing

pLUX-GFP grown in TSB for 24 h in the presence and absence of ampicillin.








































































