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Enterobacter sakazakii infections in neonates cause bacter-
aemia, necrotizing enterocolitis (NEC) and infant meningitis.
Where the source of an outbreak was traced to infant for-
mula milk powder the levels of Enterobacteriacae were
below the statutary limit. In order to determine whether a
full risk assessment of E. sakazakii in IFM is required, a risk
profile is necessary summarizing our knowledge to date.
The risk profile presented here includes hazard identifica-
tion, exposure assessment and hazard characterisation
which are parts of a microbiological risk assessment (MRA),
as well as risk management. In addition current detection
methods are described.
# 2003 Elsevier Ltd. All rights reserved.
Hazard identification
Organism description
E. sakazakii is an occasional contaminant of pow-

dered IFM that can cause a rare, but life-threatening
form of neonatal meningitis, bacteraemia, necrotizing
enterocolitis (NEC) and necrotizing meningoencephali-
tis after ingestion (Table 1, Muytjens & Kollee, 1990).
Although recently brought to manufacturers and the
public’s attention through a number of outbreaks and
product recalls, it was first associated with neonatal
deaths in 1958 by Urmenyi and Franklin (1961).
Recently the International Commission for Micro-
biological Specifications for Foods (2002) ranked the
organism as ‘Severe hazard for restricted populations,
life threatening or substantial chronic sequelae or long
duration’. Subsequently it has the same ranking as more
familiar food and waterborne pathogens such as Lis-
teria monocytogenes, Clostridium botulinum types A and
B and Cryptosporidium parvum.
E. sakazakii is a motile, non-sporeforming, Gram-

negative facultative anaerobe. It was known as ‘yellow
pigmented Enterobacter cloacae’ until 1980 when it was
designated as a new species by Farmer, Asbury, Hick-
man and Brenner in honour of the Japanese bacteriol-
ogist Riichi Sakazaki. They reported that DNA–DNA
hybridization studies found no clear generic assignment
for E. sakazakii as it was 53–54% related to Enter-
obacter and Citrobacter species. A comparison of the
type strains of these two genera showed that E. sakaza-
kii was 41% related to C. freundii and 51% related to
E. cloacae. Subsequently, since it was also phenotypi-
cally closer to E. cloacae, Farmer, Asbury, Hickman
and Brenner (1980) assigned the organism to the Enter-
obacter genus. In general Enterobacter organisms are
responsible for around 50% of nosocomial infections,
mostly in immunocompromised patients (Leclerc, Mos-
sel, Edberg, & Struijk, 2001).

Growth and death characteristics
The organism grows on media used to isolate enteric

organisms such as MacConkey, eosin methylene blue
and deoxycholate agar. On agar plates it may form two
colony types (glossy and matt) depending upon media
and strain. Growth on tryptone soya agar at 25�C pro-
duces a non-diffusible, yellow pigment. It produces a
delayed extracellular DNase reaction on toluidine blue
agar (36�C, 7days). It is a-glucosidase positive that can
be detected using 4-nitrophenyl-a-d-glucopyranoside
after 4 h at 36�C. The organism produces d-lactic acid
and is mucate negative. Most isolates do not ferment
sorbitol. It can grow over a wide temperature range
(6–47�C; Fig. 1). At room temperature (21�C) the
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organism has a doubling time of about 75 min in
reconstituted IFM (Fig. 1). Skladal, Mascini, Salvadori,
and Zannoni (1993) found UHT milk cartons inocu-
lated with 10–15 E. sakazakii cells/500 ml and incubated
at 30�C supported good bacterial growth, with acid-
ification of the milk due to d-lactate production. The
doubling time at low temperatures is approximately 10
h in IFM at 10�C and therefore may grow, albeit slowly,
under refrigerated conditions (Fig. 1). Limits of growth
with respect to water activity and pH are unknown.
Decimal reductions times and z-values for the organ-

ism in IFM were determined by Nazarowec-White and
Farber (1997b, 1999). The D52 value was 54.8 min and
D60 was 2.5 min. The data was extrapolated to 72�C to
give a value indicating that the organism was very ther-
motolerant (z value 5.82�C) and hence a possible
explanation for its survival following dehydration during
IFM manufacture. However subsequent work (Nazar-
owec-White & Faber, 1999; Iversen, Hargreaves, &
Forsythe, 2003) have clarified that the organism is less
thermotolerant than L. monocytogenes.
Table 1. E. sakazakii infections in neonates and infants
Year of
outbreak
Number of
neonates
and infants
Age
 Number
of deaths
Symptoms
 Source
 References
1958
 2
 5 and 10 days
 2
 Meningitis
 Unknown
 Urmenyi and White-Frankin (1961)

1958
 1
 4 days
 Meningitis
 Unknown
 Jöker, Norholm and Siboni (1965)

1958
 1
 7 days
 0
 Bacteremia
 Unknown
 Monroe and Tift (1979)

1958
 Meningitis+sepsis
 Adamson and Rogers (1981)

1958
 1
 5 weeks
 0
 Meningitis
 Unknown
 Kleiman, Allen, Neal and Reynolds (1981)

1977–1981
 8
 6
 Meningitis
 IFM
 Muytjens et al. (1983), Smeets et al. (1998)

1977–1981
 NS
 NS
 NS
 NS
 NS
 Aldová et al. (1983), Postupa and Aldová

(1984)

1984
 11
 2 days–2 months
 5
 Colonisation
 Unknown
 Arseni, Malamou-Ladas, Koutsia,

Xanthou, and Trikka (1987)

1984
 1
 21 days
 0
 Meningitis
 Unknown
 Naqvi, Maxwell and Dunkle (1985)

1984
 2
 8 days and 4 weeks
 0
 Meningitis
 Unknown
 Willis and Robinson (1988)

1986–1987
 3
 5 days
 2
 Meningitis
 IFM
 Biering et al. (1989); Clark et al. (1990)

1986–1987
 4
 NS
 NS
 Wound exudates,

appendicitis,
conjunctivitis
NS
 Reina Parras, Gil, Salva, and Alomar
(1989)
1981–1988
 2
 NS
 2
 Meningitis
 Unknown
 Lecour, Seara and Cordeiro (1989)

1988
 4
 28–34.5 weeks
 0
 Sepsis/bloody

diarrhoea

IFM, blender
 Simmons et al. (1989); Clark et al. (1990)
1988
 1
 6 months
 0
 Bacteremia
 IFM
 Noriega et al. (1990)

1988
 1
 2 days
 0
 Meningitis
 NS
 Gallagher and Ball (1991)

Five year period
 NS
 NS
 NS
 NEC
 Unknown
 Chan, Saing, Yung, Yeung, and Tsoi

(1994)

Five year period
 1
 NS
 NS
 Meningitis
 Unknown
 Reis, Harms, and Scharf (1994)

Five year period
 1
 20 months
 0
 Wound infection
 Unknown
 Tekkok, Baeesa, Higgins, and

Ventureyra (1996)

Five year period
 1
 6 days
 0
 Meningitis
 NS
 Burdette and Santos (2000)

1997
 1
 7 days
 0
 Meningitis
 Unknown
 Weekly Report (1997)

1998
 12
 4 days 2 months
 0
 Enterocolitis
 IFM
 Van Acker et al. (2001)

1999–2000
 NS
 NS
 NS
 NS
 IFM & blender
 Block et al. (2002)

1999–2000
 2
 3 and 4 days
 0
 Bacteraemia,

meningitis

IFM & Blender
 Bar-Oz et al. (2001)
1999–2000
 1
 3 years
 0
 Bacteraemia
 NS
 Lai (2001)

2001
 11
 11 days
 1
 Meningitis,

enterocolitis

IFM
 Himelright et al. (2002)
2002
 1
 4 days
 1
 Meningitis
 Unknown
 Safetylist (Web site)
IFM=Infant formula milk powder; NS=Not specified in paper.
Fig. 1. Growth rate of E. sakazakii NCTC11467 in infant formula
milk according to temperature (Iversen et al., 2003).
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E. sakazakii produces a novel heteropolysaccharide
comprising 29–32% glucuronic acid, 23–30% d-glucose,
19–24% d-galactose, 13–22% d-fucose and 0–8%
d-mannose (Harris & Oriel, 1989). Optimal production
is under nitrogen-limited growth conditions (C/N ratio
20:1) (Scheepe-Leberkühne & Wagner, 1986).
The capsule could be involved in the organism’s abil-

ity to survive the long IFM shelf-life (24 months). It
may also enable the organism to attach to surfaces and
form a biofilm that is more resistant to cleaning and
disinfectant agents. The unique biophysical properties
of the capsule have lead to patents being filed for the
exploitation of E. sakazakii capsule as a thickening
agent in foods to replace xanthan gum (Harris & Oriel,
1989).

Isolation and identification methods
The FDA (2002) has a recommended method for the

isolation and enumeration of E. sakazakii from dehy-
drated powdered infant formula that takes 5 days (Fig.
2). This method is similar to that first used by Muytjens,
Roelofs, and Jaspar (1988) except the FDA resuspend
the IFM in water rather than buffered peptone water. It
is based on the most probable number (MPN)
approach, using a total of 333 g of product (3�100 g,
3�10 g, 3� 1 g), and follows the conventional steps of
pre-enrichment, enrichment in EE broth and isolation
using Violet Red Bile Glucose (VRBG) selective media.
This protocol is however only selective for Enter-
obacteriacae and is not specific for E. sakazakii. There-
fore 5 presumptive E. sakazakii colonies are chosen
from VRGA and subcultured on TSA at 25�C for 48–72
h for pigment production, followed by confirmation
using the API 20E biochemical identification system and
the oxidase test. The reason for stipulating 36�C rather
than 37�C is uncertain, though it definitely is not due to
the optimum temperature for growth (see later section).
Heuvelink, Kodde, Zwartkruis-Nahuis, and de Boer
(2001) used a presence/absence test instead of the MPN
approach by analysing 25 g sample size pre-enriched in
225 ml BPW. To date none of these methods have been
validated. Nevertheless it would seem reasonable to use a
detetion limit <1 cell in 25 g IFM akin to Salmonella
detection in milk powder (Mansfield and Forsythe, 2000).
Farmer et al. (1980) found E. sakazakii differed from

E. cloacae as it is d-sorbitol negative, gives a delayed
Fig. 2. Quantitative E. sakazakii isolation procedure. (a) FDA method, (b) Muytjens et al. (1988); (c) Nazarowec-White and Farber (1997a,b,c).
C. Iversen and S. Forsythe / Trends in Food Science & Technology 14 (2003) 443–454 445



positive DNase test and produces a yellow (non-diffu-
sible) pigment at 25�C. It should be noted that recently
sorbitol-fermenting E. sakazakii have been isolated
(Heuvelink et al., 2001). Mutyjens, van der Ros-van de
Repe, and van Druten (1984) found a-glucosidase
activity in all 129 E. sakazakii strains tested but not in
97 other Enterobacter strains of E. aerogenes, E. cloacae
and E. agglomerans. E. sakazakii also uniquely lacked
phosphoamidase. Aldová, Hausner, and Postupa (1983)
found 97.3% of E. sakazakii isolates contained Tween
esterase activity. Six strains isolated from dried milks
produced Tween 80 esterase after 7 days at 25 and 37�C
which suggested that this enzyme could be used to dis-
tinguish E. sakazakii from E. cloacae (which is esterase
negative). Inositol positive strains (approx. 70%)
decrease the pH of test medium, whereas inositol nega-
tive strains make the medium alkaline. Additionally
some strains of Enterobacteriaceae including some
strains of E. sakazakii decolourise acid-base indicators.

Typing
The initial investigation by Farmer et al. (1980) found

15 biogroups of E. sakazakii with the wild type
biogroup 1 being the most common. It was suggested
that further investigation may lead to E. sakazakii
being reorganised into a new genus with biogroups
1–14 being strains of one species and biogroup 15
being a separate species (indole, malonate and dulci-
tol positive, a-methyl glucosidase negative) within the
genus. Goullet and Picard (1986) reported that the
high degree of enzyme polymorphism in E. sakazakii
enabled the differentiation of different strains. Clark,
Hill, O’Hara, Steingrimsson, and Cooksey (1990)
found that plasmid analysis, ribotyping with HindIII,
chromosomal restriction endonuclease analysis and
multilocus enzyme electrophoresis were equally effect
as epidemiological typing methods. Nazarowec-White
and Farber (1999) found RAPD and PGFE to be the
most effective typing methods; food and clinical isolates
with the same ribotypes had different PFGE profiles
with Xba1 and Spe1 indicating they were different
strains. These isolates were also distinguishable by
RAPD (using the primer 50-CGC GTG CCA G-30).
Clementino, de Filippis, Nascimento, Branquinho,
Rocha, and Martins (2001) found tDNA-PCR resulted
in profiles of E. sakazakii that were distinct from E.
cloacae and E. aerogenes.

Environmental and food sources
Due to neonate infections E. sakazakii is perceived as

associated with infant formula and milk powder. How-
ever it has been isolated from a diverse range of envir-
onments and foods (Table 2). Since the organism is not
part of the normal animal and human gut flora it is
probable that soil, water and vegetables are the princi-
pal sources of contaminated food. In addition rats and
flies may be additional sources of contamination.
Despite such widespread occurrence of the organism
(Table 2), Mutyjens and Kollee (1990) did not isolate
the organism from raw cow’s milk, cattle, rodents,
grain, bird dung, domestic animals, surface water, soil,
mud or rotting wood.
The organism has been isolated from a range of foods

including cheese, fermented bread, tofu, sour tea, cured
meats, minced beef and sausage meat. E. sakazakii has
also been found in Khamir bread due to the organism
being part of the sorghum seed surface flora (Gassem,
1999). The organism has also been isolated from rice
seeds (Cottyn, Regalado, Lanoot, de Cleene, Mew, &
Swings, 2001). It is plausible that the organism occurs in
a larger range of food ingredients, however these have
not been studied in detail to date. It should be recog-
nised that the efficiency of current isolation methods is
unproven and hence studies to date probably under-
estimate the organism’s prevalence and concentration in
food.
E. sakazakii can be isolated from processing plant

environments and contaminated UHT milk (Skladal et
al., 1993). DuPont Qualicon describe on their web site
the use of the RiboPrinter (Microbial Characterisation
System) to trace E. sakazakii contamination within
three European factories producing IFM.

Clinical sources
E. sakazakii has been isolated from a wide range of

clinical sources including cerebrospinal fluid, blood,
bone marrow, sputum, urine, inflamed appendix,
intestinal and respiratory tracts, eye, ear, wounds and
faeces (Table 2). It can also be isolated from the hospital
environment. Unfortunately some papers such as
Aldová et al. (1983), Al-Hadithi and Al-Edani (1995)
and Nazarowec-White and Farber (1999) do not give
sufficient detail to determine the age of the patient nor
the clinical source. Nevertheless, Nazarowec-White and
Farber (1999) studying three isolates obtained from one
hospital over 11 years showed that they had indis-
tinguishable ribotype patterns. Smeets, Voss, Muytjens,
Meis, and Melchers (1998) used PFGE to confirm the
epidemiological evidence that a contaminated dish
brush used for cleaning bottles was the source of three
cases (in 1981) and was not related to an isolate from
a 1979 case. The organism has also been isolated
from a doctor’s stethoscope (Farmer et al., 1980) and
from nursery food preparation equipment such as
spoons and up to 6 weeks on a blender (Bar-Oz,
Preminger, Peleg, Block, & Arad, 2001; Noriega,
Kotloff, Martin, & Schwalbe, 1990; Simmons, Gelfand,
Haas, Metts, & Ferguson, 1989).

Infant milk formula and dried milk powders
A number of outbreaks have been traced to con-

taminated infant formula milk powder (Tables 1 and 2).
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Unlike commercially available liquid feeds, dried milk
powders are not sterile. In fact the paper by Farmer et
al. (1980) defining E. sakazakii species includes a strain
(NCTC 8155) which was originally isolated from dried
milk by Thornley (1960). Therefore E. sakazakii has
been present in dried milk products for many decades
including the period of the first meningitis case in 1958
(Table 1; Urmenyi & Franklin, 1961). In 1988, Muytjens
et al. found 52.2% of 141 powdered infant formula
samples from 35 countries were contaminated with
Enterobacteriaceae, with 25% containing E. agglomer-
ans, 21% containing E. cloacae and 14% containing
E. sakazakii. In total E. sakazakii was cultured from
unused infant formula products from 13 countries. The
level of contamination ranged from 0.36 to 66.0 cfu/100
g. This is similar to the value of 8 cells/100 g estimated
by Simmons et al. (1989) for an open can of powdered
milk formula used during the time of an outbreak on an
neonatal intensive care unit. Nazarowec-White and
Farber (1997c) tested 120 cans of infant formula from
five different companies in Canada and found 6.7%
contained E. sakazakii. The levels of E. sakazakii in
positive samples were frequently 0.36 cfu/100 g. Heuve-
link et al. (2001), using a present/absence test for 25g
quantities, detected E. sakazakii in 1/40 infant formula
powders and 7 out of 170 milk powders.

Hazard characterisation
Reported infections and outbreaks associated with

E. sakazakii are summarised in Table 1. Infection of the
newborn is probably through ingestion of contaminated
IFM and not through vertical transmission from the
mother during birth (Mutyjens & Kollee, 1990).
The first reported association of E. sakazakii with
Table 2. Sources of E. sakazakii
Source
 Details
 References
Neonates and infants
 Meningitis
 Urmenyi and Franklin (1961), Jøker et al. (1965), Kleiman et al. (1981), Muytjens
et al. (1983), Naqvi et al. (1985), Arseni et al. (1987), Willis and Robinson (1988),
Biering et al. (1989), Lecour et al. (1989), Simmons et al. (1989), Clark et al. (1990),
Muytjens and Kollee (1990), Noriega et al. (1990), Gallagher and Ball (1991), Reis
et al. (1994), Burdette and Santos (2000), Bar-Oz et al. (2001), Lai (2001)
Bacteraemia
 Monroe and Tift (1979), Clark et al. (1990), Bar-Oz et al. (2001)

Necrotizing enterocolitis
 Van Acker et al. (2001)

Wound exudates, appendicitis,
conjunctivitis
Reina et al. (1989)
Adults
 Bacteraemia
 Jimenez and Gimenez (1982), Pribyl et al. (1985), Murray, Welch, and Kuhls (1990),
Hawkins et al. (1991), Lai (2001), Dennison and Morris (2002)
Food and drink
 Infant formula milk powder
 Farmer et al. 1980, Postupa and Aldová (1984), Block et al. (1988), Biering et al.
(1989), Simmons et al. (1989), Muytjens et al. (1988), Smeets et al. (1998), Bar-Oz
et al. (2001), Heuvelink et al. (2001), Himelright et al. (2002),
Preparation equipment:(blender,
spoons)
Block et al. (1988), Clark et al. (1990), Smeets et al. (1998), Bar-Oz et al. 2001
Milk powder
 Postupa and Aldová (1984), Muytjens et al. (1988), Heuvelink et al. (2001)

Water, pipelines & biofilm
 Bartolucci, Pariani, Westall, Gardini, Guerzoni (1995), Al-Hadithi and Al-Edani

(1995), Oliver (1997)

Hydrothermal springs
 Mosso, de la Rosa, Vivar, and Medina (1994)

Rice seed
 Cottyn et al. (2001)

Beer mugs
 Schindler and Metz (1990)

Cured meat
 Watanabe and Esaki (1994)

Fermented bread
 Gassem (1999)

Lettuce
 Soriano, Rico, Molto, and Manes (2001)

Tofu
 No, Park, Lee, Hwang, and Meyers (2002)

Sour tea
 Tamura, Kato, Omori, Nanba, Miyagawa, Wang, and Zhou (1995)

Cheese, minced beef, sausage
meat, vegetables
Leclercq, Wanegue, and Baylac (2002)
Environmental
 Hospital air
 Masaki et al. (2001)

Clinical material
 Tuncer and Ozsan (1988), Janicka, Kania, Ulatowska, Krusznska, and Wojda (1999)

Flies
 Kuzina et al. (2001)

Rats
 Gakuya, Kyule, Gathura, and Kariuki (2001)

Soil
 Neelam, Nawaz, and Riazuddin (1987)

Rhizosphere
 Emilani, Lajmanovich, and Gonzalez (2001)

Sediment, wetlands
 Espeland and Wetzel (2001)

Crude oil
 Assadi and Mathur (1991)

Cutting fluids
 Suliman, Abubakr, and Mirghani (1988)
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contaminated IFM powder was by Muytjens, Zanen,
Sonderkamp, Kollee, Wachsmuth, and Farmer (1983)
in the Netherlands studying eight cases of neonatal
meningitis and sepsis. E. sakazakii was isolated from
prepared milk formula, a dish brush and a stirring
spoon. These isolates were studied in more detail later
by Smeets et al. (1998). In Iceland three cases were
reported linked to milk formula contaminated with E.
sakazakii (Biering, Karlsson, Clark, Jonsdottir, Lud-
vigsson, & Steingrimsson, 1989). Two groups (Simmons
et al., 1989; Clark et al., 1990) reported on four neo-
nates with E. sakazakii infections in Tennessee. Three
patients had sepsis, and three had bloody diarrhaea. E.
sakazakii was isolated from faeces from all four
patients, a used can of infant formula milk and the
blender (which had heavy growth of the organism). In
this outbreak identical biotypes, antibiograms and plas-
mid profiles were obtained for patients and environ-
mental isolates. Although the level of contamination
was probably low, there was evidence of prolonged
incubation in bottle heaters between 35 and 37�C before
use.
More recently, van Acker, de Smet, Muyldermans,

Bougatef, Naessens, and Lauwers (2001) described 12
cases of NEC in neonates that occurred in 1998. Eleven
strains of E. sakazakii were isolated from stomach aspi-
rate, anal swabs and blood samples and 14 strains were
isolated from Alfaré milk preparations. Arbitary
primed PCR (AP-PCR) was used to type all the
E. sakazakii isolates and determine common sources of
the outbreak. Three AP-PCR profiles were obtained
for patient and milk isolates with the 14 milk isolates
matching the profile from three patients. It was known
that 4 years earlier E. sakazakii had been isolated from
a gastrostomy tube of a neonate fed the same type of
milk. This original isolate was subsequently shown to
have an AP-PCR profile almost identical to the 14 milk
and patient isolates. Thus demonstrating a persistent
contamination problem.
US Centers for Disease Control and Prevention

(Himelright et al., 2002) reported an investigation into
the 2001 Tennessee outbreak of E. sakazakii in a neo-
natal intensive care unit in which 10 cases were identi-
fied. The index case was a male infant (born at 33.5
weeks) who had been admitted to the neonatal intensive
care unit because of premature birth weight and
respiratory distress. After 11 days the baby developed
symptoms of meningitis (fever, tachycardia, decreased
vascular perfusions and suspected seizure activity) and
despite being given intravenous antibiotics the infant
died after a further 9 days. E. sakazakii was cultured
from the cerebrospinal fluid. Following increased sur-
veillance a further 10 cases of E. sakazakii colonisation
were found on the neonatal unit; 2 from ‘non-sterile’ site
with clinical deterioration. The use of infant formula
milk was the only factor associating the cases. Follow-
ing the cultivation of E. sakazakii from a batch of the
same product the company (Mead Johnson Nutri-
tionals, USA) voluntarily recalled the batch in March
2002. Further IFM recalls in the USA due to con-
tamination with E. sakazakii occurred in November
2002 (1.5 millions cans, Wyeth Nutritionals) and Jan
2003 (3,030 cases of EnfaCare LIPIL, Mead Johnson
Nutritionals). No outbreaks have been reported with
the withdrawn batches.

Infectious dose
Although there is no epidemiological evidence for a

value of the infectious dose, it is reasonable to use 1000
E. sakazakii cells as a first approximation. This is simi-
lar to the infectious dose of the pathogenic bacteria
Neisseria meningitidis, E. coli O157 and L. mono-
cytogenes 4b. The infectious dose can vary according to
the organism’s history (stress response factors), host
state (healthy or immunocompromised) and food
matrix. In the case of infant formula milk and neonates,
the organism will have been stressed during spray dry-
ing and storage, the host is immunocompromised and
being a liquid the milk would pass quickly through the
stomach (mild acidic conditions) into the small intes-
tines. Taking a concentration of E. sakazakii in con-
taminated IFM as �0.36 cells/100 g (Muytjens et al.,
1988; Nazarowec-White & Farber, 1997a,b,c) and that a
single feed requires 18 g to be reconstituted then a pre-
pared feed (115 ml) could contain 0.0648 E. sakazakii
cells. The growth rate of the organism (Fig. 1) can then
be used to calculate the time required for the organism
to multiply through 14 generations to an infectious dose
(1000 cells) at different incubation temperatures (Table
3). Reconstituted IFM would need to be kept almost 9
days at 8�C compared with 17.9 h at room temperature
before an infectious dose was achieved. This simplistic
model assumes there is no kill of E. sakazakii during
preparation due to the addition of hot (rather than
cooled) water and no bacterial multiplication in the
stomach. In addition this calculation assumes that
although babies have 4–6 feeds in a 24 h period, the
infectious dose is acquired in one feed and is not cumu-
lative (Forsythe, 2002). Despite these limitations in the
calculation it is evident that IFM at the normal low
levels (40.36 E. sakazakii cells/100 g) is unlikely to
cause an infection unless there is gross temperature
abuse or contamination via poor hygiene preparation
such contaminated blender or mixing spoon. Unfortu-
nately such poor hygienic practice has been the prob-
able source of outbreaks (Block et al. 1988; Clark et al.
1990; Smeets et al. 1998).

Pathogenicity
Necrotizing enterocoloitis (NEC) is the most common

important gastrointestinal illness in the newborn and
can be caused by a variety of bacterial pathogens. The
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pathogenesis is associated with neonatal intestinal
ischaemia, microbial colonization of the gut and excess
protein substrate in the intestinal lumen. The latter
being associated with oral formula feeding. It has an
incidence of 2–5% in premature infants and 13% in
those weighing less that 1.5 kg at birth. NEC is 10 times
as common in babies fed formula milk compared with
those fed breast milk (Lucas & Cole, 1990). Both
meningitis and NEC due to E. sakazakii have high
mortality rate; NEC 10–55% and meningitis 40–80%.
In a study of 125 neonates with NEC Enterobacter spp.
were the most common organisms, being isolated from
29% of patients (Chan, Saing, Yung, Yeung, & Tsoi,
1994). Van Acker et al. (2001) described 12 cases of
NEC in neonates that occurred in 1998. In the out-
break, a total of 11 E. sakazakii strains were isolated
from a cohort of 50 neonates from stomach aspirate,
anal swabs, and blood samples.
The first reported cases of meningitis due to ‘yellow-

pigmented E. cloacae’ occurred in England (Urmenyi &
Franklin, 1961). Since then cases have been reported
worldwide including countries such as Denmark, Ice-
land, Netherlands, Greece, Canada and the US (Table
1). Table 1 should not be regarded as exhaustive since
the authors are aware of cases that have not been
reported in the public domain. Most reports are from
hospital nurseries and neonatal intensive care units. It is
probable that premature infants and those with under-
lying medical conditions are at highest risk for develop-
ing an E. sakazakii infection. However it has been
reported that a healthy, full-term, newborn infant in
Iceland, became ill prior to hospital discharge and suf-
fered permanent neurological sequelae as a result of an
E. sakazakii infection (Health Canada Food Program,
2002). In 1981, Kleiman, Allen, Neal, and Reynolds and
also Adamson and Rogers reported separate cases of
previously healthy 5-week-old infants admitted to hos-
pital with meningitis due to E. sakazakii, showing that
the infection can also be acquired in the home environ-
ment. The low incidence is predictable since healthy
neonates not requiring intensive care will be slightly
more resistant to E. sakazakii infection. Mutyjens et al.
(1983) re-evaluated Enterobacter strains from blood and
CSF and uncovered several cases of meningitis and bac-
teraemia due to E. sakazakii infection. This suggests that
the organism had been under reported. In addition to the
reported 40–80% case-fatality rate for E. sakazakii
meningitis it should be recognised that in survivors,
severe neurological sequelae such as hydrocephalus,
quadriplegia and retarded neural development often
occur.
E. sakazakii infections have occurred in adults.

Usually these are patients with underlying fatal condi-
tions but there are no reports of meningitis. Pribyl et al.
(1985) described a case where the organism was one of
three isolated from a foot ulcer. Other cases have inclu-
ded urosepsis (Jimenez & Gimenez, 1982) and bacter-
aemia (Hawkins, Lissner, & Sanford, 1991). More
recently, Lai (2001) reported four adult cases between
1995 and 1996, and Dennison and Morris (2002) repor-
ted a multiple antibiotic resistant E. sakazakii wound
infection.
It is probable that, like the three major pathogens

that cause meningitis in children <5 years (pneumo-
coccus, Haemophilus and meningococcus), E. sakazakii
has a developmental dependence on access to the cen-
tral nervous system. Cases of E. sakazakii meningitis
have been reported in children between the ages of 3
days and 4 years, with half occurring in the first week
of age and almost three-quarters during the first month
(Lai, 2001). Bektas, Goetze, and Speer (1990) demon-
strated various abnormalities in neutrophil function
from preterm neonates, which could predispose them to
overwhelming bacterial infections. E. coli, Group B
streptococci and Listeria also cause meningitis in
neonates.
The route by which most pathogens enter the cerebral

spinal fluid to produce meningitis is not yet established,
though it is thought the choroids plexus is the most
likely entry site and that methods of invasion include
paracellular and transcellular mechanisms. Circulating
microbial products such as cell wall glycopeptides,
endotoxins, proteases, collagenases, and elastases have
been shown to induce permeability of the blood/brain
barrier.
In order to cause meningitis an organism has to colo-

nise mucosal surfaces, translocate into the bloodstream,
avoid host defence mechanisms, cross the blood/brain
barrier and survive in the cerebral spinal fluid. Adeg-
bola and Old (1983) found 2/4 E. sakazakii strains tes-
ted produced no haemagglutinins while the other 2
Table 3. Time required for infectious dose (1000 cells) to be
reached in reconsituted infant formula milk
Temperature
(�C)
Doubling
time (h)
Time required to reach
infectious dose
(14 generations)*
10
 13.6
 7.9 days

18
 2.9
 1.7 days

21
 1.3
 17.9 h

37
 0.5
 7 h
Calculations assume an average of 0.36 E. sakazakii cells/100 g
infant formula powder and that a single feed is 18 g powder
(reconstituted to 115 ml) with no kill during preparation nor any
multiplication in the stomach. Lag time at 10�C was 2 h, for all
other temperatures the lag time was not significant. The infec-
tious dose is assumed to be due to 1000 E. sakazakii cells being
ingested as a single dose and not due to cumulative exposure.
However it should be recognised that babies receive 4–6 feeds
in a 24 h period.
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strains produced only mannose-sensitive haemaggluti-
nins and were coated by the type-1 fimbrial antiserum of
E. cloacae strain 035 but not that of Klebsiella serogenes
strain 55. Nazarowec-White and Farber (1997a) and
Pagotto, Nazarowec-White, Bidawid, and Farber (2003)
found E. sakazakii pathogenic for suckling mice inocu-
lated orally and interperitoneally and that E. sakazakii
appears to produce an enterotoxin-like compound.
Duffy et al. (1997) found Enterobacter spp. to be strongly
associated with elevated levels of endotoxin (lipopoly-
saccharide), an indicator of NEC disease, in stool fil-
trates from neonates. A head CT scan is recommended
early in the management of cases with E. sakazakii in the
blood or cerebral spinal fluid. Almost all cases have
abnormalities due to bacterial invasion and hydro-
cephalus may later develop in cases with no initial CT
abnormalities (Lai, 2001). The bacterium causes cystic
changes, abscesses, fluid collection, dilated ventricles
and infarctions.

Antibiotic susceptibility
Farmer et al. (1980) found all strains were susceptible

to gentamicin, kanamycin, chloramphenicol, and ampi-
cillin; 87% or over were susceptible to nalidixic acid,
streptomycin, tetracycline, and carbenicillin; 71 and 67%
were susceptible to sulfadiazine and colistin respectively;
only 13% were susceptible to cephalothin. All strains
were resistant to penicillin; only 1 of over 100 strains
tested showed multiple antibiotic resistance. Muytjens
and van der Ros-van der Repe (1986) found the MICs
for 90% of 195 E. sakazakii strains tested against 25
antibiotics were at least twofold lower than those for E.
cloacae. There was however resistance to cephalothin
and sulfamethoxazole. Willis and Robinson (1988)
recommended the combined use of ampicillin and gen-
tamicin for the treatment of E. sakazakii meningitis,
however gentamicin may be unable to achieve adequate
concentrations in the cerebral spinal fluid. Nazarowec-
White and Farber (1999) found the type strain (ATCC
29544), 5/8 food and 8/9 clinical strains were only resis-
tant to sulphisoxazole and cephalothin. The other clin-
ical strain showed susceptibility to all agents while the
other three food isolates were also resistant to chlor-
amphenicol. Two of the chloramphenicol resistant food
isolates were also resistant to tetracycline and one was
also resistant to ampicillin. Kuzina, Peloquin, Vacek
and Miller (2001) found E. sakazakii isolated from the
guts of Mexican fruit flies resistant to ampicillin,
cephalothin, erythromycin, novobiocin, and penicillin.
Lai (2001) found all E. sakazakii isolates were resis-
tant to ampicillin, cefazolin and extended spectrum
penicillins, but were susceptible to the aminoglyco-
sides and trimethoprim-sulfamethoxazole. Whereas
sensitivity to 3rd generation cephalosporins and the
quinolones was variable. Subsequently Lai (2001)
proposed the use of carbapenems or 3rd generation
cephalosporins with an aminoglycoside or trimetho-
prim with sulfamethoxazole. This treatment regime
has improved the outcome of E. sakazakii meningitis
though the resistance of Enterobacter spp. to these
antibiotics is increasing (Lai, 2001). Dennison and
Morris (2002) have reported an E. sakazakii infection
that was resistant to multiple antibiotics, including
ampicillin, gentamicin and cefotaxamine. In their
study of the antibiotic resistance of bacteria found in
dairy farm soil, Burgos and Varela (2002) found
genomic DNA from E. sakazakii contained multiple
antibiotic resistance (mar) operons.

Risk management
There are five principal control measures relevant to

E. sakazakii in infant formula milk powder.

(1) Control initial levels in raw materials on receipt
The source of E. sakazakii in IFM powder is uncer-

tain. However it is an environmental organism and
hence can be present in many raw ingredients as well as
milk (Table 2). This control measure can be improved
in the future with the development of validated detec-
tion methods as well as greater awareness in the food
industry.

(2) Reduce levels during heat treatment of raw milk
and related ingredient
It has often been stated that E. sakazakii has a high

thermal resistance in comparison to other members of
the Enterobacteriaceae and that this may explain their
high prevalence in powdered and prepared formula
milk. However, this statement needs careful clarifica-
tion. It is principally based on three studies reported
by Kindle, Busse, Kampa, Meyer-Koenig, and Dasch-
ner (1996) and Nazarowec-White and Farber (1997b
and c).
Kindle et al. (1996) reported that the E. sakazakii

viable count was reduced from 105 to 20 cfu/ml after
exposure to microwaves (85 s, 82�C in Milumil infant
formula). Whereas no E. coli, Ps. aeruginosa or polio-
virus survived this treatment. However closer inspection
of the data shows that E. sakazakii was not recoverable
in other infant formulas with treatments from which
other organisms did survive. A comparison of D-values
in milks for several Enterobacteriaceae, by Nazarowec-
White and Farber (1997b), indicated that E. sakazakii is
one of the most thermotolerant organisms of this group.
For example D72oC for E. sakazakii was 1.3 compared
with 0.22, 0.16 and 0.07 for S. Typhimurium, E. coli and
C. jejuni respectively. Nazarowec-White and Farber
(1997b) calculated D-values ranging from 54.8 min at
52�C to 2.5 min at 60�C in reconstituted infant formula
for pooled strains of E. sakazakii (5 clinical and 5 from
infant formulae). However, the z value was 5.82�C
which is within the range reported for most non-spore
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forming bacteria (4–6�C). A 4-7D kill log reduction of
micro-organisms is required for process control in many
thermal or pasteurisation regimes, with a D60oC value of
2.5 min, heat treatment of 60�C for 17.5 min would be
required to obtain a 7 log reduction. A minimum HTST
pasteurisation of 15 s at 71.7�C would result in >11 D
kill of E. sakazakii in dried infant formula therefore the
organism should not survive the pasteurisation process.
Nazarowec-White, McKellar, and Piyasena (1999) clar-
ified the heat-resistance by constructing a predictive
model of E. sakazakii inactivation following HTST
treatment of milk and showing that L. monocytogenes
was more heat resistant.

(3) Prevent an increase in levels by avoiding post-
processing contamination
To simulate breast milk, cow’s milk is modified to

reduce protein and mineral content, increase the
amount of whey protein, increase the carbohydrate
content and increase the Ca/P ratio. The fat is modified
and vitamins are added. In the ‘dry procedure’ for pro-
ducing IFM, all ingredients are blended in the dry form.
Skimmed milk is pasteurised and then evaporated
before fat, whey, vitamins, emulsifiers, and stabilisers
are added and blended. The mixture is pasteurised at
110�C for 60 s and then spray dried. This method is
more prone to bacterial contamination and the ingre-
dients are harder to mix uniformly and can separate on
vibration of the cans. In the ‘wet procedure’ the liquid
skimmed milk and premix of skimmed milk and fat are
treated at 80 and 82�C respectively for 20 s; the total
mixture is heated at 107–110�C for 60 s, concentrated
using a falling-film evaporator, and heat treated again
at 80�C before finally being spray dried. These ‘wet’ and
‘dry’ methods can be combined with the more soluble
components added to milk before drying. Pathogens
can gain access from the environment, the addition of
ingredients at the powder stage and from post-proces-
sing contamination. The drying and filling are often the
principle contamination site for dried products. The
bacterial pathogens associated with dried milk powders
include Salmonella (Mettler, 1994).

(4) Application of microbiological criteria
The FAO’s code of hygienic practice for foods for

infants and children (Codex Alimentarus CAC/RCP
21-1979) requires a minimum of 4–5 samples with <3
coliforms/g and a maximum of 1/5 control samples with
>3 but 420 coliforms/g. This criteria has not been
exceeded by the numbers of E. sakazakii present in IFM
including those associated with outbreaks. Muytjens et
al. (1988) found levels ranging from 0.36 to 66.0 cfu/100
g with no Enterobacteriacae exceeding 1 cfu/g. Similarly
Simmons et al. (1989) found 8 E. sakazakii cells/100 g in
an open can of IFM associated with an outbreak.
Nazarowec-White and Farber (1997c) found levels of
E. sakazakii in positive IFM samples to be 0.36 cfu/100
g, but did not enumerate Enterobacteriacae or coli-
forms. Nestlé upgraded their facilities and applied more
stringent release criteria for dietetic specialities of <0.3
coliforms/g, 0 E. sakazakii isolates/10 g following an
outbreak of NEC due to a batch of Alfaré milk which
met the FAO standards (van Acker et al., 2001).
In March 2002, a fatal case of neonatal meningitis due

to E. sakazakii was linked to Nestlé’s Beba 1 infant
formula in Belgium and involved a previously healthy
5–day old boy who became ill on release from hospital.
The Federal Agency for Food Safety in Belgium, asked
Nestlé Belgium to recall the batch in question. Although
the level of contamination (1 sample 20 coliforms/g, 4
samples <1/g) was well below the acceptable interna-
tional standard it was above Belgium statutory limits
(<1 coliform/g in all samples; van Acker et al., 2001).
An outbreak in 2001 of meningitis in Tennessee (USA)
resulted in the recall of Portagen Powder (Mead John-
son Nutritionals), a nutritional product for adults, tod-
dlers and infants with rare digestive diseases (Himelright
et al., 2002). The microbiological quality of each batch
of Portagen was assessed using validated methods, and
its product specifications were consistent with those
proposed by the US Food and Drug Administration
and other US regulatory organizations. Hence it is
probable that IFM powders associated with the various
E. sakazakii outbreaks have met the current statutory
criteria. Therefore these criteria must be reviewed and
possibly more stringent statutory ones enforced. It
could be argued that a criteria of <1 enteric pathogen
cell/25 g should be adopted by IFM manufacturers.
This is level of microbial contamination control is
achievable and is already applied for the presence of
Salmonella. In order to implement effective micro-
biological criteria it also will be necessary to validate the
recommended and newly developed detection methods
(Fig. 2).

(5) Provide appropriate information and preparation
instructions
Bottled liquid infant formula is prepared as a sterile

product. However IFM powders are not a sterile pro-
duct, and therefore once rehydrated there is the risk of
infectious organisms growing over prolonged periods of
storage and a susceptible infant being given an infec-
tious dose.
The temperature growth range of E. sakazakii was

reported by Farmer et al. (1980) for 57 strains. There
was no growth at 4 or 50�C but most strains grew at
47�C. Later, Kindle et al. (1996) found E. sakazakii and
Klebsiella pneumoniae had higher growth rates in
reconstituted infant formula than other organisms tes-
ted (Pseudomonas aeruginosa, E. coli, Staphylococcus
aureus, Mycobacterium terrae and Candida albicans).
Nazarowec-White and Farber (1997c) confirmed the
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wide temperature range using five clinical isolates, five
food isolates and the species type strain. The maximum
growth temperature reported was between 41 and 45�C
and the minimum growth temperature was 5.5–8�C (cf.
Fig. 2). The generation and lag times for E. sakazakii
were found to be similar to those reported for other
Enterobacter but shorter than those of other organisms
found in milk products. The generation time of
E. sakazakii in infant formula was 40 min at room
temperature.
Skladal et al. (1993) found UHT milk cartons inocu-

lated with 10–15 cfu E. sakazakii 500 ml�1 and incu-
bated at 30�C produced a very fast fermentation
yielding d-lactate and subsequent acidification. The
infective dose for E. sakazakii in infant formula is not
known and the relatively short generation time and
ability to grow at temperatures often found in domestic
refrigerators makes the presence of E. sakazakii in
infant formula particularly hazardous.

Risk communication
Due to epidemiological studies and the fact that

powdered infant formulas are not commercially sterile
products, the US FDA has proposed interim recom-
mendations on the preparation of powdered infant for-
mula in neonatal intensive care units. These
recommendations include the preparation of the feed by
trained personnel, immediate refrigeration (temperature
not stated), to discard the feed if not used within 24 h,
continuous enteral feeding (hang time) should not
exceed 4 h and that alternatives to the powdered from
should be chosen when possible. However there is
clearly a need for a review of the accepted criteria for
E. sakazakii in infant food products and for a rapid test
that is feasible for use in the food manufacturing
industry.

Conclusion
A newborn child is so susceptible to infections that

the products such as infant formula milk require high
levels of microbiological quality control during pro-
duction, distribution and usage. Therefore IFM pre-
paration and use requires the diligence of both the
manufacturer and ‘user’ in domestic and hospital
environment. Where the source has been traced to
contaminated milk formula the levels of Enter-
obacteriacae were below the acceptable limit. Since
the level of milk powder contamination with
E. sakazakii is generally low (<0.36 cells/100 g for-
mula milk) and the standard period (<24 h) of sto-
rage in a refrigerator would not permit the growth to
an infectious levels (1000 cells based on E. coli O157
and L. monocytogenes 4b) it is probable that out-
breaks are due to gross temperature abuse or poor
hygienic practice. Statutory microbiological criteria
needs to be revised and possibly more stringent ones
enforced.
Despite the publicised outbreaks and product recalls,

infant deaths due to E. sakazakii infection of the brain is
fortunately rarely reported. Nevertheless there is a sig-
nificant amount of further information that is required
before a full risk assessment can be constructed. The
prevalence and concentration of the organism in pow-
dered milk products needs to be re-determined using
validated detection methods. Heat-processing should be
investigated in more detail, for example the role of the
capsule as a factor enabling the organism to resist the
lethal affects of desiccation and long term storage.
Routes of infection and virulence factors are virtually
unknown for this organism.
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