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Enterobacter sakazakii: An Emerging Pathogen 
in Infants and Neonates
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Abstract

Background: Enterobacter sakazakii (ES) is an emerging pathogen associated with the ingestion of contaminated
reconstituted formula that causes necrotizing enterocolitis, sepsis, and meningitis in low-birth-weight preterm
neonatal infants. Necrotizing enterocolitis remains the most common gastrointestinal surgical emergency in
these infants. In recent years, the International Commission on Microbiological Specifications for Foods has
ranked ES a “severe hazard for restricted populations.” Because of its resistance to certain antibiotics, better
understanding of ES pathogenesis is needed to aid in the development of new preventive strategies.
Methods: Review of pertinent English-language literature.
Results: Neonatal and older infants appear to be at the highest risk, although adult ES infections have been re-
ported. We discuss the origins of ES, the detection and pathogenesis of the disease, and potential prevention
strategies.
Conclusions: The precise pathogenesis of ES remains a mystery. Appropriate measures by parents, infant for-
mula manufacturers, and health care providers, as well as understanding of the pathogenesis, are important in
the prevention of ES-related infections.
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ENTEROBACTER SAKAZAKII (ES) is a member of the Enter-
obacteriaceae family that was described as a new species

in 1980. Initially, it was noted to be an opportunistic patho-
gen responsible for neonatal sepsis and meningitis [1–3].
Necrotizing enterocolitis (NEC) is the most common gas-
trointestinal surgical emergency in neonatal populations,
which results in a mortality rate of 40–100% in the most se-
verely affected patients [4].

Koch’s postulates are four criteria designed to establish a
causal relation between a microorganism and a disease [5].
The organism must be found in individuals suffering from
a disease, it must be able to be cultured from those affected,
it must be able to induce disease when re-introduced into a
host, and it must be able to be isolated from that individual.
Of particular note, no other pathogen has been noted to ful-
fill Koch’s postulates with regard to NEC, and ES appears to
fulfill these criteria in certain instances.

The presence of bacteria is fundamental to the develop-
ment of NEC, which cannot develop in a sterile environment
[6]. For this reason ES-related NEC is an area of investiga-
tion. However, although ES is not isolated from all individ-

uals who develop NEC, it is a member of the Enterobacteri-
aceae, the group of organisms isolated by far the most often
from NEC [6]. In neonatal populations, ES outbreaks have
been linked to contaminated infant formula. Most patients
who survive ES meningitis suffer severe neurologic seque-
lae, including hydrocephalus, quadriplegia, and retardation
of development [7]. Fecal carriage of ES has been described
in patients as old as 18 weeks of age, illustrating the poten-
tial for mucosal adherence and long-term colonization of 
the human intestine by ES [8] and supporting the need for
isolation of ES-infected patients. Neonatal enterocolitis is as-
sociated with intestinal prematurity, enteral feeding, and mi-
crobial colonization. The disease affects 2–5% of all prema-
ture infants, and roughly 13% of those with birth weights
� 1.5 kg.

Figure 1 shows an intestinal segment from a child with
Enterobacter-associated NEC. Marked loss of villus architec-
ture (Fig. 1B) and epithelial cell apoptosis (Fig. 1D) are clearly
visible. In a study of 125 infants with NEC, Enterobacter spp.
were the most common bacterial isolates, being recovered
from 29% of the patients [9]. Although premature low-birth
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weight infants are at higher risk, ES infection also has been
reported in both normal and immunocompromised adults
[10,11]. Currently, the U.S. Centers for Disease Control and
Prevention (CDC) estimate that there are approximately six
new cases of ES infection diagnosed each year, and approx-
imately 20 deaths in infants and children have been reported
to date [12–15]. Although this number may appear small, the
implications for those infected are severe, as the mortality
rate is between 20–80% [7].

Sentinel Case

The first two known cases of neonatal meningitis caused
by ES, classified initially as Enterobacter cloacae, were reported
in 1961 [16]. The first reported case of ES infection linked de-
finitively to formula was in a male infant born at 33.5 weeks
of gestation [17] who was admitted to the neonatal intensive
care unit (NICU) because of prematurity and respiratory dis-

tress. Subsequently, the patient was noted to be febrile and
tachycardic and to exhibit systemic shock. At 11 days of life,
he developed seizure activity, and a culture of his cere-
brospinal fluid grew ES. Intravenous antibiotics were ad-
ministered, but the patient died on day of life 20. Close sur-
veillance of the 49 patients in the NICU at that institution
revealed an additional nine cases of ES infection. All nine
positive cultures were obtained from non-sterile sites (such
as tracheal aspirates, stool, and urine), and therefore could
not be confirmed as signs of infection. Putative risk factors,
including age, birth weight, medications, incubators used,
and need for mechanical ventilation were investigated. A sig-
nificant association was found between a specific powdered
infant formula and the patients with ES-positive cultures.
Cultures of the formula found a single batch to be contami-
nated with ES. Of note, cultures from the NICU environment
and water supplies were negative. The manufacturer re-
called the batch of formula voluntarily.
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FIG. 1. Human intestine resected from neonatal infant with Enterobacter-positive blood cultures. (Original magnification
�40). (A) Hematoxylin and eosin-stained segment from resection margin. (B) Resected ileal segment from same patient
showing neonatal enterocolitis. Inflammatory cell infiltrate, villus disruption, and hemorrhage are seen clearly. (C) Normal
intestine. (D, E) Neonatal enterocolitis tissue stained with nuclear stain (DAPI) and label (APOTAG Red seen as bright cells
in these images) to detect apoptosis. In panels D and E, red-stained tissue shows clear increase in apoptotic cells.



Enterobacter sakazakii as an Emerging Pathogen 
and Food Contaminant

Enterobacter sakazakii was formerly referred to as “yellow-
pigmented” E. cloacae, and was characterized as a unique
species almost 30 years ago [18]. The organism is ubiquitous
in food products, being found in milk powder, rice, vegeta-
bles, cheese, sausage meat, teas, and various spices [19–24].
Moreover, ES has been identified in the hospital environ-
ment in association with infant bottle brushes and food
preparation equipment such as blenders [25]. However, most
of the attention to ES-related contamination of food prod-
ucts has focused on powdered infant formula. In 2002, the
U.S. Food and Drug Administration (FDA) published a
warning regarding the presence of ES in baby formula [26].
In addition, there have been several recalls of formula in
Asia, Europe, and North and South America as a result of
ES contamination. Powdered infant formula is not manu-
factured as a sterile preparation, and in a study of 141 for-
mulas, 14% were found to contain ES [27]. In total, ES has
been isolated from infant formula in 13 countries, yet re-
markably, ES has not been found in environmental soil,

wood, water samples, avian droppings, or domestic livestock
[27]. Enterobacter sakazakii may exhibit long-term persistence
in dried infant formula and has been reported to be the only
organism isolated after a 2.5-year period of storage [28].

Most of the attention regarding ES infection has focused
on infant populations; however, a number of cases have been
reported in adults. Enterobacter sakazakii has been isolated on
the floors of geriatric wards [29] and from the mouths of
stroke victims with pneumonia [30]. In adults, ES infection
typically affects patients of age � 55 years having underly-
ing disease such as malignancy, and there is a high fatality
rate from sepsis and pneumonia (50–67%) [7,14]. There are,
however, rare case reports of ES infection in young, healthy
patients, such as a 22-year-old man with postoperative os-
teomyelitis of the femur [10]. Enterobacter sakazakii has been
cultured from a wide range of infected human fluids and tis-
sues, including blood, cerebrospinal fluid, bone marrow,
sputum, urine, intestinal tissue, eye, ear, wounds, and fecal
samples [8,18,31]. However, the origin of ES remains mys-
terious. The presence of ES in infant formula and powdered
dairy produce has led manufacturers, hospitals, and the FDA
to mandate more stringent microbial standards and hygienic
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FIG. 2. Transmission electron micrograph of rat intestinal epithelial cell (IEC-6) with adherent Enterobacter sakazakii
(arrow).



practices [32,33]. Given the ubiquity of ES, efforts have been
made to develop precise and efficient detection strategies
[34]. A variety of commercially available methods, including
proteomics and polymerase chain reaction, aid in the detec-
tion of ES [35,36].

Enterobacter sakazakii is Resistant to Routine
Sterilization Methods

Enterobacter sakazakii is fairly resistant to osmotic, heat, and
dry stresses, which may explain, in part, its presence and
survival in desiccated infant powder and similarly prepared
products [35,37]. In fact, Nazarowec-White and Farber found
that ES was the most thermotolerant among the Enterobacte-
riaceae [35]. Although the optimum temperature for ES
growth is 39°C, it is reported to grow at less than 4°C, sug-
gesting that this species would be able to replicate even dur-
ing refrigeration [38]. Furthermore, ES may form biofilms
and thereby resist disinfectants [39,40]. Enterobacter sakazakii
is able to survive in powder for at least 12 months. The ac-
tual amount of ES contamination usually is low, ranging
from 0.36 to 66 colony-forming units (CFU)/100 g [27]. How-
ever, in dry environmental samples from infant formula fac-
tories, a 40% prevalence rate has been reported. As a result
of the widespread prevalence of ES in food products and the
risks associated with it, reference detection methods, in-
cluding selective identification techniques and enrichment
procedures, have been established to quantify ES in food
products [41,42]. Improper storage and temperature regula-
tion may lead to an increase in bacterial load, thus facilitat-
ing outbreaks of infection.

Although ES infection may arise secondary to poor stor-
age and reheating of formula, it has not been proved defin-
itively that hospital staff themselves are not a vector for ES.
Unfortunately, hospital personnel may ignore appropriate
hygiene practices, and thus may contribute to the spread of
infection [43]. Therefore, great care should be taken in ad-
hering to strict hand washing and contact isolation of af-
fected and susceptible infants.

Pathogenesis of Enterobacter sakazakii Infection is
Relatively Unknown

Until recently, little was known about the mechanisms in-
volved in ES pathogenesis. In a review of 17 cases, the out-
come of ES meningitis was found to be poorer than in neona-
tal meningitis caused by more common gram-negative
organisms [44]. As with other gram-negative species, ES car-
ries endotoxin on its surface; however, other virulence fac-
tors also may be crucial to pathogenicity [45]. In order for a
pathogen to cause an infection in a host, it must be able to
adhere to and colonize host surfaces. Specific adhesion to
host cells is considered to be an essential virulence factor for
most bacterial pathogens [46]. In prior studies, strains of op-
portunistic pathogens have been classified on the basis of
their specific adherence pattern to cells in culture, which is
described as aggregative or diffuse. Enterobacter sakazakii
exhibits clustered adhesion, a pattern that also has been as-
sociated with neonatal colitis-causing stains of Klebsiella
pneumoniae [47]. Enterobacter sakazakii appears to adhere in-
stantaneously to host surfaces, and then proliferate in a log-
arithmic manner until an optimal concentration is attained.
The adhesion of ES to epithelial cells is mainly non-fimbriae-

based, suggesting the role of other virulence factors in bind-
ing [47]. Enterobacter sakazakii also produces a viscous cap-
sular material, potentially allowing the organism to form a
biofilm on feeding equipment and contact surfaces [38]. This
biofilm may provide protection for ES, allowing it to survive
osmotic, thermal, and tensile stressors. Mange et al. demon-
strated that ES has adhesive capacities to a number of in vitro
cell lines, including endothelial and transformed epithelial
lines [47]. Similar to many other gram-negative bacteria, ES
expresses the outer membrane protein A ( ompA) that shows
a high degree of homology with ompA genes of other gram-
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FIG. 3. Effect of Enterobacter sakazakii (ES) on intestinal ep-
ithelial cells in vitro. Confluent rat intestinal epithelial cells
stained with nuclear stain (DAPI) and with stain for apoptotic
cells (APOTAG red). (A) Control culture not subjected to ES
exposure. There are few apoptotic cells. (B) Marked increase
in apoptotic cells 3 h after infection with ES. (Seen as bright
white stain in these images.)



negative bacteria [48]. Singamsetty et al. provided evidence
that the ompA protein is crucial in the invasion of brain en-
dothelial cells by ES (unpublished results and personal com-
munication). The organism also induces microtubule con-
densation at the sites of entry in endothelial cells. However,
the mechanism of OmpA-mediated interaction with brain
endothelial cells remains to be determined. Similarly, Mo-
han and Venkitanarayana showed that ES invades moder-
ately into human intestinal epithelial (INT407) cells, for
which ompA expression is required [49]. In contrast, our stud-
ies revealed that ES does not invade IEC-6 cells efficiently,
although the organism binds to the cells in significant num-
bers. We have demonstrated further, in a rat model of NEC,
that ES adheres to the intestinal epithelium during infection
[50]. Figure 2 shows the attachment of ES to rat intestinal ep-
ithelial cells in vitro. The binding of ES to enterocytes, both
in vitro and in the animal model, induces enterocyte apop-
tosis/necrosis in a dose-dependent manner. Figure 3 illus-
trates apoptosis of intestinal epithelial cells in vitro after ex-
posure to ES. Studies are under way in our laboratory and
others to assess the role of ES in meningitis. Further studies
are in progress in our laboratory to evaluate the mechanisms
involved in the pathogenesis of NEC by ES, and to develop
novel therapeutic strategies.

Treatment of Enterobacter sakazakii Infection

Most infants infected with ES present with sepsis or
meningitis, with seizure activity reported in nearly 30% of
those affected. After initial resuscitation and prompt ad-
ministration of antibiotics, a head computed tomography
scan should be considered strongly. We believe that these
recommendations should be extended to adult patients, es-
pecially those who are immunocompromised, who have ES-
positive cultures. Intracranial findings that have been de-
scribed in association with ES, although not exclusive to
patients with ES meningitis, include abscess formation, ven-
tricle dilation, infarcts, and hydrocephalus [51].

Enterobacter sakazakii infection typically has been treated
with ampicillin and gentamicin. However, many Enterobac-
ter species are resistant to narrow-spectrum penicillins that
traditionally have good activity against Enterobacteriaceae
such as E. coli (i.e., ampicillin and amoxicillin). As pointed
out by Lai et al., increasing resistance of ES to antibiotics
should prompt physicians to consider carbapenems (i.e.,
imipenem-cilastatin, meropenem, or ertapenem) or the newer
cephalosporins (e.g. cefepime) in concert with a second agent
such as an aminoglycoside [7]. However, as per standard rec-
ommendations, minimizing the use of broad-spectrum anti-
biotics and selecting antimicrobials on the basis of culture
and sensitivity results are of paramount importance.

Because most of the data regarding antibiotic susceptibil-
ity and resistance profiles of Enterobacter were determined
on established species such as E. cloacae, Stock and Wiede-
mann studied the specific antibiotic profiles of various ES
strains. Interestingly, no natural resistance to cephalosporins
was detected in wild-type populations of ES, and these
strains appear to lack beta-lactamases. Therefore, ES is 
the Enterobacter species most susceptible to beta-lactams. 
Enterobacter sakazakii, typical of most Enterobacteriaceae, has
natural resistance to lincosamides, glycopeptides, strep-
togramins, and fusidic acids.

Prevention Strategies

A variety of strategies have been suggested to minimize
the risk of ES contamination of infant formula, including the
use of gamma radiation and ES-targeted bacteriophage ther-
apy to reduce bacterial growth [52,53]. However, simple
strategies may be just as effective, including the promotion
of breast milk feeding, inclusion of warnings on packages of
powdered infant formula that they may be contaminated
with ES, and discouraging re-warming of reconstituted for-
mula. In adults, despite a lack of definitive source identifi-
cation, it would be prudent to limit the use of reconstituted
dairy products in immunosuppressed populations. In hos-
pitals, further encouragement and incentives for health care
providers to use universal precautions should be mandated,
and the “hang time” of enteral feeding solutions should be
minimized.

Conclusions

Because of the ubiquitous nature of ES and the mystery
surrounding its pathogenesis, preventive measures by par-
ents, infant formula manufacturers, and health care
providers will be important in the prevention of ES-related
infections. We recommend a focus on simple preventative
strategies such as the promotion of breast milk feeding, in-
clusion of warnings on powdered infant formula packages
that they may be contaminated with ES, and abstinence
from the practice of re-warming of reconstituted formula.
In adults, we believe that reconstituted dairy products
should be avoided in immunosuppressed populations. Ap-
propriate barrier precautions should be observed in ICU
settings (both adult and neonatal), where spread of infec-
tion may be more prevalent. Given increasing reports of
Enterobacter antibiotic resistance, we currently recommend
the use of carbapenems in suspected ES infection pending
final sensitivity reports. Better understanding of the pro-
gression and pathogenesis ES-related diseases will help in
the development of new modes of prevention for this
emerging pathogen.
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