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Abstract Colonization of the neonatal gut takes place imme-
diately after birth. Bacteria that get colonized are considered to
be “normal” flora derived principally from the mother and the
immediate environment. However, for some neonates, the
colonization of the gut, particularly with potential pathogens,
may lead to subsequent infections or sepsis. The immune
system and the gut barrier in neonates is vulnerable, with
decreased acid secretion, low levels of protective mu-
cous, and decreased motility, particularly in those who
are premature and of low birth weight. This makes the
neonatal gut especially prone to colonization with aero-
bic Gram-negative bacilli (GNB). And these GNB may
later, under circumstances favorable to them, cause dis-
ease in the neonates. In developing countries, it is the
GNB that cause the majority of the infections. In addi-
tion, the use of antibiotics in the neonatal intensive care
unit also triggers colonization with antibiotic-resistant
bacteria. This review discusses various aspects of neona-
tal gut colonization, neonatal sepsis, and tries to gather
support to understand the connection between the gut
and subsequent sepsis in neonates.

Introduction

The neonatal gut is like a pristine scaffold where micro-
organisms can establish themselves. For years, the colo-
nization of the gut and its implications were understood
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in terms of a mutual tolerance between the host and the
microbes, and nothing beyond that. However, it has now
been proved that bacteria that colonize the gut play a
more vital role beyond tolerance in the early develop-
ment of the newborn [1, 2]. Bacteria that colonize the
gut during the early stages is responsible for the immune
functioning and development of the intestinal architec-
ture, in addition to providing nutrients, metabolizing
indigestible compounds, and defense against colonization
by opportunistic pathogens later in life [2].

For most healthy neonates, this colonization is a rou-
tine process which occurs without any conscious effort.
And bacteria that get colonized are considered to be
“normal” flora derived principally from the mother and
the immediate environment [3, 4]. However, for sick
neonates who require hospitalization for prolonged pe-
riods, the colonization of the gut, particularly with po-
tential pathogens, may lead to subsequent infections or
sepsis. The immune system and the gut barrier in neo-
nates is vulnerable, with decreased acid secretion, low
levels of protective mucous, and decreased motility [5],
particularly in those who are premature and of low birth
weight. This makes the neonatal gut especially prone to
colonization with aerobic Gram-negative bacilli (GNB).
And these GNB may later, under circumstances favorable
to them, cause disease in the neonates. Studies have
shown that the GNB in the gut may predispose the
neonates to septicemia [6, 7]. Evidence from surgical
neonates shows that gut overgrowth, particularly with
GNB, causes depression of the mucosal and systemic
immunity, leading to the development of sepsis [8].

Evidence from earlier research and that from our lab-
oratory show that there is a direct or indirect association
between the gut microflora and sepsis. This review tries
to gather support to understand the connection between
the gut and subsequent sepsis in neonates.
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A reality: neonatal sepsis
What is sepsis?

Sepsis is a clinical syndrome characterized by a whole-body
inflammatory state (called a systemic inflammatory response
syndrome or SIRS) that is triggered by an infection [9, 10].
The body may develop this response to microbes in the blood,
urine, lungs, skin, or other tissues. Neonatal sepsis (NS) refers
to the above described condition occurring in the first month
of life, which is called the neonatal period.

How big is the problem?

Of all infections that occur in neonates, sepsis is a devastating
complication and a major cause of morbidity and mortality in
the newborn [11]. The World Health Organization (WHO)
estimates that one million deaths occur per year due to NS,
and 42 % of these deaths occur in the first week of life [12,
13]. Most deaths occur in the developing countries [11], due
to the disparity in the neonatal care and hygiene conditions in
the developed and developing countries.

Which organisms cause sepsis?

Sepsis can be caused by a diverse repertoire of organisms, and
the list seems to be ever-growing. Organisms that cause NS
are acquired shortly before, during, and after birth [12]. Fur-
thermore, different trends are observed at different geographic
locations. The pathogens most often implicated in NS in
developing countries differ from those seen in developed
countries. Group B Streptococcus is the most common cause
of NS in developed countries and rare in developing countries
[14-16]. Again, in low-income countries, Gram-negative or-
ganisms mainly represented by Klebsiella sp., Escherichia
coli, Pseudomonas, Acinetobacter sp. [17, 18], and Gram-
positive cocci, Staphylococcus aureus, and Staphylococcus
epidermis are the predominant causative agents [18]. A study
carried out by our group reviewing the etiological agents of
NS raised concern about the emergence of non-fermenting
GNB in sepsis [19, 20].

Conventionally, early-onset sepsis (EOS) is considered to
be predominantly maternally acquired and organisms causing
EOS have lower chances of being drug-resistant compared to
late-onset sepsis (LOS), which is considered to be of
environmental origin. However, in resource-poor settings,
the unhygienic labor rooms and failure to adhere to aseptic
techniques allow transmission of pathogens. Zaidi et al. [21]
clearly state that any infection in a hospital-born baby in a
low-income country should be considered to be potentially
hospital-acquired, even if the onset is within the first few days
of'life. In congruence with this, other studies carried out in our
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unit have shown that multidrug-resistant organisms do cause
EOS [22].

A gutful of bacteria
Which organisms colonize the neonatal gut?

Classical studies revealed that the gut microbiota very early in
life has a higher proportion of facultative bacteria than the
adult microbiota [23]. Facultative bacteria dominate the first
flora as the abundance of oxygen in the neonatal gut prevents
expansion of obligate anaerobes. E. coli and enterococci
(E. faecalis and E. faecium) have been identified as the first
infant colonizers in some studies [24, 25]. Other Enterobacte-
riaceae, such as Klebsiella and Enterobacter, are also common
in the gut flora of neonates [26, 27]. Other studies have shown
that, in addition to GNB, alpha-hemolytic streptococci seem
to colonize 20-30 % of neonates [28].

The establishment of facultative anaerobes in the intestinal
tract initially decreases the redox potential in the gut lumen,
creating a reduced environment that favors the establishment
of obligate anaerobes. Bifidobacterium, Bacteroides, and
Clostridium sp. were isolated from at least half of the inves-
tigated infants in the first week of life at <10'" colony-forming
units (CFU)/g feces [23-25].

‘Which factors affect colonization?

The dynamic nature of the gut ecosystem is undisputed. A
number of factors influence colonization, particularly during
the period of life when this ecosystem is being established.
The mode of delivery influences colonization [29]. Vaginally
delivered neonates are colonized first with maternal fecal and
vaginal flora, whereas neonates delivered by caesarean section
get colonized with bacteria originating from the hospital mi-
lieu. The feeding pattern of the baby does influence the
colonization, but not to the extent as it was claimed to be
earlier [23]. In fact, bifidobacteria are found equally often and
in similar counts in breast- and formula-fed infants. Differ-
ences occur in the case of clostridia [29, 30], which is more
common and reach higher counts in formula-fed infants. The
environment has a striking affect on the flora. Neonates cared
for in the intensive care unit (ICU), where antibiotic use is
frequent, tend to acquire antibiotic-resistant and nosocomial
pathogens. The sanitary conditions in overcrowded hospitals
in resource-poor settings also lead to colonization of the gut
with hospital-mediated pathogens.

Studies assessing the risk factors for colonization of the
neonatal gut with GNB showed that, immediately after birth,
maternal risk factors affected colonization and, later, stay in
the neonatal ICU and prolonged feeding by an enteral feeding
tube were independent risk factors for the occurrence of GNB
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[27, 31]. This suggests that, while immediately after birth
maternal risk factors are important, the chance of infection
from the environment becomes the more important factor as
exposure to the hospital environment increases.

Infection en route the gut
Beneficial bacteria and pathogens in the gut

All bacteria that colonize the gut are not beneficial; some are
potential pathogens. And the gut can be considered an intel-
ligent organ because of its ability to distinguish between the
beneficial and the pathogenic bacteria. This ability to distin-
guish the good from the bad is a seminal role of the gut
mucosal surface.

For the majority of neonates who are well and leave the
hospital quickly, there is little opportunity to acquire nosoco-
mial pathogens. However, for the sick neonates, the situation
is different. The severity of illness is directly proportional to
the length of stay in the hospital and ensuing colonization of
the gut with nosocomial pathogens. As discussed earlier, the
abundance of oxygen in the neonatal gut allows colonization
with facultative anaerobes. But, unlike healthy babies, neo-
nates in the ICU get colonized with pathogens like Klebsiella
and Enterobacter, along with E. coli [4, 31]. Studies from our
laboratory have also shown that K. pneumoniae was the most
common GNB detected in the fecal specimens and gastric
aspirates of hospitalized neonates, followed by E. coli
(Table 1) [27]. In fact, the presence of K. pneumoniae in the
gastric aspirates was significantly higher than E. coli [27].

Establishing the gut connection with neonatal sepsis

The idea that the gastrointestinal tract, teeming with its own
bacterial flora, could represent a source of sepsis under certain
conditions has interested clinicians for many years. Studies
have shown an association between the upper gastrointestinal
microflora and subsequent septic complications [32, 33]. Ev-
idence from surgical neonates shows that gut overgrowth,
particularly with GNB, causes depression of the mucosal
and systemic immunity, leading to the development of sepsis
[6, 8], or at least the presence of GNB in the gut has been
shown in clinical studies to predispose the neonates to sepsis
[6, 7]. The premature infant has lower gastric acid production,
lower levels of protective mucus, decreased motility, lower
levels of B and T lymphocytes, and lower levels of secretory
immunoglobulin A (IgA), all of which are factors that increase
bacterial adherence to the intestinal mucosa and susceptibility
to infection [5]. The immature gastrointestinal barrier and
immune response might, thus, make the neonates more
susceptible to sepsis thereof.

A review of the literature showed that studies focused on
neonates dealt with those who have undergone surgical pro-
cedures. Parenteral nutrition given to surgical patients cause
immunosuppression due to atrophy of the small intestinal gut-
associated lymphoid tissue [34] and decreased IgA levels. In
addition, parenteral nutrition impairs gut motility. A combi-
nation of these factors leads to intestinal overgrowth. The
endotoxin produced by the bacteria in the gut causes suppres-
sion of systemic immunity via liver dysfunction [35], leading
to the development of sepsis and septicemia. Previous work
has shown that sepsis and septicemia rates were significantly
higher in surgical infants (receiving parenteral nutrition) with
carriage of aerobic GNB. The carriage precedes sepsis and
septicemia, lending proof to the fact that gut overgrowth with
abnormal GNB contributes to septic morbidity [6].

In developing countries like India, NS occurs in a large
number of neonates without any surgical intervention. We
carried out a study among nonsurgical neonates in a tertiary
care hospital in India to find out the association of GNB in the
gut and subsequent sepsis in the neonates [27]. K. pneumoniae
was found to be not only the predominant organism that colo-
nized the neonatal gut, but also the most common organism
isolated from the neonatal blood specimens (Tables 1 and 2).
Further, neonates with GNB in the gut had consistently higher
incidence of clinical sepsis than those without GNB in the gut.
In 50 % of cases, the genotypes of the organisms found in the
blood were indistinguishable from their gut counterpart. The
representation of organisms like K. pneumoniae, E. coli, and
E. cloacae in the gut and blood and not Burkholderia cepacia
(not a intestinal colonizer) also suggested a relationship be-
tween factors impacting intestinal colonization by GNB and
subsequent sepsis.

A few recent studies have also established the link
between gut colonization and sepsis using culture-
dependent and -independent methods. A study has shown
that the neonatal gut harbors sepsis-causing pathogens
and gut colonization precedes the onset of sepsis [36].
In another study, the authors noted a difference in the
colonizing bacteria between the healthy premature neo-
nates and those that developed sepsis [37].

Studies on sepsis and its relationship with the gut can give
us some clues about the mechanism by which the gut flora can
cause sepsis. One mechanism could be bacterial translocation
(Fig. 1). “Bacterial translocation” is used to describe the
passage of viable resident bacteria from the gastrointestinal
tract to normally sterile tissues, such as the mesenteric
lymph nodes and other internal organs [38, 39]. There is
increasing circumstantial evidence to suggest that this
translocation of bacteria from the gut may play an im-
portant role in the causation of sepsis. One particular
study showed that endogenous septicemias due to micro-
bial translocation are clinically relevant in neonates [7].
Some studies in animal models or by in vitro techniques
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Table 1 Isolation of Gram-negative bacilli from the different gut samples of neonates. The results show the number (%) of neonates or samples from
which each organism was isolated. Reprinted from the Journal of Medical Microbiology (Das et al., 2011) with the permission of the publisher [27]

Predominant organisms Neonates GA-1 GA-2 S-1 S-2

No. of neonates 243 161 214 150 211
Klebsiella pneumoniae 180 (74.40) 31(19.3) 121 (56.5) 47 (31.3) 140 (66.4)
Escherichia coli 157 (65.00) 17 (10.6) 28 (13.1) 45 (30.0) 124 (58.8)
Enterobacter sp. 32 (13.20) 3(1.9) 4(1.9) 14 (9.3) 18 (8.5)
Enterobacter amnigenus 4 (1.70) 1 (0.6) -(0.0) 1(0.7) 3(14)
Enterobacter cloacae 27 (11.20) 3(1.9) 2(0.9) 11 (7.3) 13 (6.2)
Enterobacter sakazakii 1(0.41) -(0.0) -(0.0) 1(0.7) -(0.0)
Acinetobacter baumannii 28 (11.60) 4(2.5) 10 (4.7) 8 (5.3) 9 (4.3)
Acinetobacter haemolyticus 2(0.83) 2(1.2) -(0.0) —(0.0) —(0.0)
Acinetobacter Iwoffii 1(041) 1(0.6) —(0.0) —(0.0) —(0.0)
Acinetobacter junii 1(0.41) —(0.0) =(0.0) 1(0.7) —(0.0)
Aeromonas hydrophila group 2(0.83) 1(0.6) -(0.0) 1(0.7) —(0.0)
Aeromonas hydrol/cavie 1(0.41) —(0.0) —(0.0) 1(0.7) —(0.0)
Aeromonas sobria 4 (1.70) 2(1.2) 1(0.5) 1(0.7) —(0.0)
Pseudomonas sp. 5(2.07) 3(1.9) 1(0.5) 1(0.7) -(0.0)
Pseudomonas putida 1(041) —(0.0) -(0.0) 1(0.7) -(0.0)
Pseudomonas stutzeri 12 (5.00) 5@3.1) -(0.0) 6 (4.0) 2(0.9)
Pseudomonas aeruginosa 12 (5.00) 2(1.2) 3(14) 4(2.7) 3(14)
Pantoea sp. 3 (1.20) 1(0.6) 1(0.5) 1(0.7) 1(0.5)
Stenotrophomonas maltophilia 9 (3.70) 6(3.7) -(0.0) 2(1.3) 1(0.5)
Delftia acidovorans 1(0.41) 1 (0.6) =(0.0) - (0.0) -(0.0)
Serratia proteamaculans 1(0.41) —(0.0) 1(0.5) —(0.0) -(0.0)
Serratia fonticola 1(0.41) —(0.0) -(0.0) —(0.0) 1(0.5)
Citrobacter freundii group 2(0.83) —(0.0) —(0.0) 1(0.7) 2(0.9)
Salmonella sp. 1(0.41) —(0.0) —(0.0) —-(0.0) 1(0.5)
Sphingomonas paucimobilis 1(0.41) —(0.0) —(0.0) —(0.0) 1(0.5)
Alcaligenes faecalis 1(0.41) —(0.0) —(0.0) 1(0.7) -(0.0)
Agrobacterium radiobacter 1(0.41) -(0.0) -(0.0) 1(0.7) -(0.0)

GA-1 gastric aspirate collected within 4 h of life; GA-2 gastric aspirate collected within 3—7days of life; S-7 first fecal sample; S-2 fecal sample collected

within 3—7 days of life

Table 2 Relatedness of Gram-negative bacilli isolated from blood with those in the gut of neonates. Reprinted from the Journal of Medical
Microbiology (Das et al., 2011) with the permission of the publisher [27]

Organism found in blood Neonates with organism Neonates with same organism in any of Antibiogram matching Indistinguishable PFGE pattern

in their blood (%) their gut samples (GA-1/GA-2/S-1/S-2) in blood and gut isolates

n % n % n %
Klebsiella pneumoniae 20 (62.5) 18 90 13 65 10 50
Escherichia coli 4 (12.5) 4 100 4 100 4 100
Acinetobacter baumannii 5 (15.6) 1 20 1 20 20
Enterobacter cloacae 13.1) 1 100 1 100 100
Burkholderia cepacia 2(6.3) - 0 0 0 0 0
Total 32 24 75 19 59 16 50

GA-1 gastric aspirate collected within 4 h of life; GA-2 gastric aspirate collected within 3—7days of life; S-/ first fecal sample; S-2 fecal sample collected

within 3—7 days of life
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Fig. 1 Mechanisms of bacterial translocation in the small intestine.
Multiple pathways, receptors, and cells are involved in bacterial translo-
cation from the intestinal lumen. Toxins such as flagellin, endotoxins,
exotoxins, and other bacterial products can disrupt tight junctions and
facilitate paracellular translocation of bacteria between intestinal epithe-
lial cells. Transcellular translocation of bacteria can occur via receptors
including intelectin [also lactoferrin receptor], type III secretory system,
Toll-like receptors, LFA-1 [lectin] receptor, 1 integrin, and IgA
displayed on M cells. Bacterial uptake through these cells can result in
systemic dissemination of the microbe. Reprinted from Clinical Perina-
tology (Sherman, 2010) with the permission of the publisher [39]

have also shown that bacterial translocation takes place
particularly in the immature gut [40].

A number of organisms, particularly the GNB, are known
to translocate [38, 41]. Some organisms are obvious patho-
gens, like Shigella sp. and Salmonella sp., which possess
virulence determinants that provide them with the potential
to cause disease. Salmonella sp. or Shigella sp. or
enteroinvasive E. coli can invade the epithelial barrier in the
gut and cause disease [42]. However, the idea that the “enteric
bacterial community” plays a role in bacterial transloca-
tion is emerging. This is evidenced by a study showing
Campylobacter jejuni assisting commensal bacteria to
cross gut epithelia using lipid rafts [43].

Apart from the direct translocation of GNB in the gut
to the bloodstream, the organisms in the gut can also
indirectly affect systems that cause sepsis. One such
method of transfer of the gut flora to the blood could
be via the trachea. Poor acidity and poor peristaltic
movements might lead to the subsequent transmission
of GNB from the stomach to the trachea and cause
sepsis. A study by Schwartz et al. has shown that, at
least in the case of Enterobacteriaceae, the colonization
of the gut occurred prior to the colonization of the
trachea [44]. There is another method in which the gut
flora of one individual can participate in causing sepsis
to others. Babies with GNB in their gut can act as
carriers and spread infection to others. It is known that
carriers increase colonization pressure and the number of
patients shedding bacteria increases the risk of infection
for another patient [45]. In the environment of the

neonatal ICU, there are neonates busily excreting billions
of GNB all throughout the day. And in the frantic atmo-
sphere of an ICU, staff do occasionally forget to wash
hands and can act as carriers [4]. The modes of trans-
mission of bacteria from the gut to the bloodstream may
be different, but the involvement of the gut bacteria in
sepsis cannot be ignored.

A more powerful blow to the gut: antibiotic-resistant
organisms

ICUs are one of those places where resistance to antimicro-
bials is more common because of the fact that antimicrobials
are used there with the greatest frequency. The intestinal tract
provides an important reservoir for antibiotic-resistant GNB
[46, 47]. The neonate whose sickness binds him/her within the
walls of the ICU easily gets colonized with antibiotic-resistant
bacteria [31]. Although many neonates may remain asymp-
tomatic [48], infection can occur because of translocation or a
colonized neonate may act as a carrier. To add fuel to the fire,
the gut provides an important site for the transfer of genes
conferring antibiotic resistance [49, 50]. So, the “normal”
flora may also acquire resistance genes and participate in
causing disease.

Many of the resistance genes are present on promiscuous
plasmids [51, 52] and it does not take long before you have an
infection, followed by an outbreak. A number of outbreaks in
the neonatal ICU have been reported which have been caused
by Enterobacteriaceae [53, 54] or other GNBs like
A. baumannii [55, 56]. One particular study showed that
drug-resistant Enterobacteriaceae found at high frequency in
infants during their stay in the neonatal ICU persisted in a
proportion of infants after their discharge from the hospital
[57]. The problem of resistance is compounded because GNB
are often resistant to multiple classes of antibiotics. The use of
many different antibiotics may facilitate colonization and dis-
semination of these pathogens. For example, the metallo-f3-
lactamases like IMP-1 or VIM-1 are resistant to carbapenems,
aminoglycosides, third-generation cephalosporins, and
ciprofloxacins [58].

Repairing the gut, preparing the future: probiotics

In 1907, Nobel laureate Elie Metchnikoff proposed the bene-
ficial role of probiotics [59]. Probiotics not only provide a
physical barrier against colonization by pathogenic bacteria,
but some of the metabolic products of probiotic bacteria (e.g.,
lactic acid and a class of antibiotic proteins termed bacterio-
cins, produced by some bacteria) inhibit growth of pathogenic
organisms. Also, the desirable bacteria may compete for nu-
trients with the pathogens. There is also some evidence that
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probiotic bacteria may enhance the gut immune response
against pathogenic bacteria [60].

Any modulation in the colonizing flora will have possible
consequences on neonatal infections, as most infections dur-
ing this period are routed through the gut. Research shows that
the emergence of lactic acid bacteria and bifidobacteria in the
bowel prevents bacterial translocation. The supplementation
of preterm infants with Bifidobacterium lactis increased the
number of bifidobacteria, while the numbers of enterobacteria
and clostridia, which include many potential pathogens, were
reduced. However, the supplementation did not reduce the
fecal reservoir of antibiotic-resistant bacteria [61, 62]. Studies
in newborns have also demonstrated that there was a reduction
in the incidence of necrotizing enterocolitis on administration
of probiotics [63]. Beneficial in vivo effects of probiotics in
neonates are reportedly related to more competent gut-related
immunity, a less pathogenic intestinal flora, and diminished
intraluminal microbial toxins [39, 64]. All evidence, thus,
indicates that probiotics in neonates would be valuable and
would reduce infections. With the limitation in therapeutic
choice to treat sepsis due to increasing antibiotic resistance,
prevention could be a very good option. However, more
studies would be necessary before probiotics can be routinely
used in neonates.

Lessons learnt

Nature does not undertake futile exercises. The flora that
resides in the gut has obvious purposes. However, the balance
between the benefit and the compromise sometimes becomes
skewed in such an arrangement, leading to disease. During the
initial stages of life when the partnership between the flora and
the gut mucosa is being built, pathogens increase the chances
of infection. The problem is compounded with antibiotic-
resistant organisms, which are prevalent in the hospital milieu.
It is important, at this stage, to provide the right environment
and diet to the gut, as it will impact life subsequently. Also
vital is the realization that bacteria in the gut need to be
regularly monitored, particularly in hospitalized patients.
The impact of the microflora necessitates further studies to
improve our understanding of how the partnership is formed,
is sustained, and how, in disease, it gets imbalanced in neo-
nates. Newer techniques in genomics will probably be able to
provide answers regarding the interaction of the microbial
community and the gut, and the process in which gut—derived
Sepsis occurs.
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