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Abstract

Accumulating evidence affirms the importance of the gut microbiome in both health
and disease. In early life, there exists a critical period in which the composition of
gut microbes is particularly malleable and subject to a wide range of influencing
factors. Disturbances to microbial communities during this time may be beneficial or
detrimental to short and long-term health outcomes. For infants born prematurely,
naive immune systems, immature gastrointestinal tracts and additional clinical needs
put this population at high risk of abnormal microbial colonisation, resulting in
increased susceptibility to diseases including necrotising enterocolitis (NEC) and late-
onset sepsis (LOS). Traditional cell culture methods, gnotobiotic animals, molecular
sequencing techniques (16S rRNA gene sequencing and metagenomics) and advanced
‘omics’ technologies (transcriptomics, proteomics and metabolomics) have been
fundamental in exploring the associations between diet, gut microbes, microbial
functions and disease. Despite significant investment and ongoing research efforts,
prevention and treatment strategies in NEC and LOS remain limited. Recent end-
eavours have focused on searching for new, more physiologically relevant models to
simulate the preterm intestine. Preterm intestinally derived organoids represent a
promising in vitro approach in the study of host-microbiome interactions in the pre-
term infant gut, offering new and exciting possibilities in this field.
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is, the community of microorganisms (bacteria, protozoa, fungi, viruses

and bacteriophages) inhabiting the human body. Accompanying this

While using a self-designed, handmade microscope to inspect his own
stool, Antonie van Leeuwenhoek made the earliest observation of
‘animalcules’ (Leeuwenhoek, 1681). Since then, numerous approaches
have been developed and refined to help study the trillions of tiny
microscopic creatures that colonise the human body. Today, advances
in cell culture, gnotobiotic animals, sequencing methods and powerful
‘omics’ technologies (Beck et al., 2021) have been indispensable in
deepening our understanding of the complex human microbiome, that

methodological progress was the recognition of the importance of
the microbiome, in particular the bacteria that reside in the gut,
in both health and disease. Pivotal work leading to this realisation
was conducted in gnotobiotic animals, discovering that (1) germ-
free animals have altered anatomical and physiological features and
differ in their susceptibility to disease; (2) some of these features
may be restored by bacterial colonisation; and (3) disease phenotypes
can be transferred from sick animals or humans to healthy hosts by
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transplanting gut microbial communities (Kostic et al., 2013). Further,
the clinical usefulness of manipulating the gut microbiome was realised
in 1958, when four patients were successfully treated for the relief of
intestinal inflammation by the transplantation of stool from healthy
donors (Eiseman et al., 1958). Now, it is widely accepted that the
gut microbiota play fundamental roles in defining the physiology
of the host throughout the life course, developing and modulating
the immune system, host metabolism and protection from infectious
species. Nevertheless, these microbes have also been directly and
indirectly implicated in the pathogenesis of multiple diverse disease
states (Sommer & Backhed, 2013).

2 | MICROBIOME SEQUENCING

Advances in high-throughput nucleotide sequencing technologies have
revolutionised gut microbiome research, enabling deep investigations
into how bacterial communities develop over time, the factors that
influence developing communities, and their links to health and
disease. The most common approach to profile the microbiome is 16S
rRNA gene sequencing, which amplifies this universal gene in bacteria.
This relatively cost-effective method typically provides resolution
to genus level and is especially powerful for low-biomass samples.
While 16S rRNA gene sequencing has routinely been employed over
the past decades, shotgun metagenomic sequencing has become
increasingly popular in recent years. In contrast to 16S rRNA gene
sequencing, in which a specific bacterial gene region is targeted,
metagenomic sequencing sequences the entirety of a sample. This is
more expensive, but will detect non-bacterial microbes (e.g., fungi,
viruses and bacteriophages), allows identification to species and strain
level, and provides information on the functional genetic capacity of
the microbes (Ranjan et al., 2016).

3 | GUT MICROBIOME IN INFANCY

3.1 | Term infants

The gut microbiome plays essential roles in human health, especially
during infancy (Figure 1). The first year of life is considered a crucial
window of opportunity to manipulate the microbiome and train the
immune system, to promote short and much longer-term health
outcomes. Thus, bacteria living in the neonatal gut have been a focal
point of microbiome research. The first extensive exposure to these
organisms occurs at birth: soon after an infant exits the womb, micro-
bes begin to enter the human body and in time establish themselves in
the gut (Milani et al., 2017).

Studies utilising molecular technologies have described neonatal
gut microbiota development in detail. The TEDDY study took place
across six research centres in Europe and the USA, and collected
12,500 stool samples from over 900 term infants between 3 and
46 months of life (Stewart et al., 2018). Using both 16S rRNA and

metagenomic sequencing, the study defined three distinct phases of

New Findings

* What is the topic of this review?
The importance of the early life gut microbiome,
with a focus on preterm infants and microbially
related diseases. Current techniques to study the
preterm gut microbiome are appraised, and the
potential of recent methodological advancements is
discussed.

* What advances does it highlight?
Recent findings in the field achieved by the appli-
cation of advanced technologies, the applicability of
intestinally derived organoid models to study host-
microbiome interactions in the preterm gut, and
recent developments in enhancing the physiological
relevance of such models. Preterm intestinally
derived organoids may provide novel insights into
the mechanisms underlying preterm disease, as well
as diagnosis and treatment opportunities. These
models have huge translational potential, offering a

step towards precision medicine.

microbiome progression over the first 3 years of life, before the micro-
biome stabilises into an adult-like configuration. The TEDDY study
further demonstrated the association between term infant gut micro-
biome structure and breastfeeding, mode of delivery, geographical
location, and living with siblings and/or furry pets (Stewart et al.,
2018), while other studies are similarly applying these technologies
to showcase the impact of maternal factors (Chu et al., 2016; Ferretti
et al., 2018), antibiotic treatments (Yassour et al., 2016), host genetics
(Goodrich et al., 2014), diet and ethnicity (Stearns et al., 2017), assisted
reproductive technology (Lu et al., 2020), and potentially even the
SARS-CoV-2 pandemic (Romano-Keeler et al., 2021). Perturbations
to the gut ecosystem during this critical period of development can
prove detrimental; drastic shifts in neonatal community structure,
oftenreferred to as ‘dysbiosis’ (a term considered problematic by some,
e.g., Hooks & O’'Malley, 2017), have been linked to a number of disease
pathogeneses. An increasing number of animal and in vitro studies are
exploring the functional impacts of an altered gut microbial community,
and findings are being corroborated by epidemiological and molecular
studies. As such, early life imbalances in the gut microbiota have been
associated with acute gastrointestinal and bacterial diseases, as well as
allergic diseases, atopic dermatitis, asthma, irritable bowel syndrome,
obesity, diabetes, cardiovascular diseases and a range of neurological
disorders, among others, in later life (Bejaoui & Poulsen, 2020; Milani
etal.,2017; Sandall et al., 2018).
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3.2 | Preterm infants

Gestational age at birth is another highly influential factor in shaping
the gut microbiome in infancy (La Rosa et al., 2014). In the case of the
premature infant, an additional, entirely unique set of factors governs
the gut ecosystem. Before making contact with the outside world,
preterm infants are more likely to be exposed to microbes via pre-
mature rupture of membranes and intra-amniotic infection (Tchirikov
et al., 2018). Following birth, the preterm infant is cared for within
the neonatal intensive care unit (NICU) environment, with altered
exposure to microbes, involving an increased exposure to hospital-
acquired bacteria and reduced access to parental/family bacteria.
In addition, they undergo clinical care that is distinct from that of
healthy term infants, including specific feeding practices, receipt of
antibiotics, ventilation and intravenous line placement. Such factors
are known to impact the developing gut microbiome in preterm infants
(Jiaet al., 2020; Yap et al., 2021; Zwittink et al., 2017). Moreover, pre-
term infants have immature gastrointestinal tracts and naive immune
systems (Henderickx et al., 2019). A study using a gnotobiotic mouse
model has shown that the premature microbiota may actually further
affect intestinal development, influencing features such as villus height
and crypt depth, intestinal barrier integrity, and cell proliferation and
differentiation (Yu et al., 2016). With this early start to life, preterm
infants are known to differ in microbial diversity, pace of colonisation,
and the specific bacteria that colonise the gut, when compared to term

infants (Jia et al., 2020; La Rosa et al., 2014; Yap et al., 2021) (Figure 2).
For premature infants, these perturbations often result in higher risks
of complications and disease (Henderickx et al., 2019) (Figure 1).

3.2.1 | Disease in preterm infants

The high susceptibility of preterm infants to early gut microbial
dysbiosis, along with a predisposition to pathobiont colonisation due
to the NICU environment and antibiotic use (Jia et al., 2020; Yap
et al,, 2021; Zwittink et al., 2017), contributes to an increased risk of
developing both necrotising enterocolitis (NEC) and late-onset sepsis
(LOS). NEC is still poorly understood, but in many cases is likely
an immune-mediated bowel disease. Between 2% and 7% of pre-
term infants (born <32 weeks’ gestation) develop NEC (Battersby
et al, 2018) and the disease is a leading cause of morbidity and
mortality in this population. LOS similarly contributes to a large
proportion of preterm deaths and affects up to 36% of premature
neonates (Dong & Speer, 2015). As well as translocation through
the skin, less effective tight junctions contribute to ‘leakiness’ of the
preterm intestinal epithelium and may result in LOS in which the
causative agent is an enteric microbe. Many factors associated with
microbiome perturbations have been linked to both NEC and LOS,
including antibiotic administration (overuse: Esmaeilizand et al., 2018;

or underuse: Li et al., 2020), medical interventions and feeding mode
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FIGURE 2 Development of the gut microbiota throughout life. Relative abundances of bacterial phyla (Proteobacteria, Actinobacteria,
Firmicutes, Bacteroidetes and other) are depicted for preterm infants (at birth and at discharge from hospital), term infants, children, adults and
older adults. Infants’ relative abundances were derived from work by (Masi et al., 2021; Stewart et al., 2018; Vaiserman et al., 2017). Image was

created using Servier Medical Art (http://smart.servier.com/)

(Dong & Speer, 2015; Nifo et al., 2016). LOS, by definition, is a micro-
bially related condition, and in recent years the medical community has
investigated and defined the relevance of the microbiome in NEC. Still,
both diseases represent a serious burden to premature infants, and the
exact pathophysiology of NEC remains elusive.

Substantial efforts have been made over the past few decades to
define the microbial characteristics of NEC and LOS, and compelling
data have associated both conditions with intestinal dysbiosis.
Both culture-dependent and culture-independent methods have
demonstrated differences in the microbiota of preterm infants
that develop NEC, compared to matched healthy controls. In a
study combining metagenomics and metabolomics (the study of
metabolites), researchers have demonstrated instability of the gut
microbiome in NEC infants prior to onset of disease, and also identified
metabolites associated with NEC diagnosis (Stewart et al., 2016),
offering the opportunity for development of biomarkers. Although no
uniform microbial signature has been found in NEC, numerous recent
investigations have described an abnormal intestinal ecosystem in
comparison to healthy preterm infants, and some have associated
particular bacterial taxa with NEC (Nifio et al., 2016; Stewart et al.,
2012,2016; Ward et al., 2016). However, findings are inconsistent and
no causative bacterial strain has been found. A multi-omic approach
combining metagenomics and metabolomics has similarly been applied
in the investigation of LOS, finding alterations in the gut microbiome in
this population (Stewart et al., 2017). Other studies have corroborated

the finding of a distortion in normal microbiota composition preceding

disease onset (El Manouni El Hassani et al., 2021; Graspeuntner et al.,
2019; Mai et al., 2013; Stewart et al., 2012).

Human milk has a protective role against both NEC and LOS (Dong
& Speer, 2015; Nifio et al., 2016) and is the single most important
factor in shaping the term infant gut microbiome (Stewart et al., 2018).
Human milk is the recommended source of nutrition for neonates; it
confers immunological benefits to the infant and provides nutrients to
specialised microbes that similarly benefit the infant’s immune system
(Henrick et al., 2021; Masi et al., 2021; Stewart, 2021). Specifically,
breastfeeding induces an early life abundance of the bacterial genus
Bifidobacterium (Stewart et al., 2018). Human milk oligosaccharides
are complex sugars found in abundance in human milk. They provide
selective nutritional advantages to Bifidobacteria and largely account
for the significant proportion of Bifidobacterium found in the healthy
infant gut (Garrido et al., 2013). Bifidobacteria have been shown to
possess immunomodulatory functions, protect from pathogens and
improve barrier function (Milani et al., 2017). Moreover, a lack of
Bifidobacteria in infancy has been linked to systemic inflammation
and immune dysregulation (Henrick et al., 2021). Importantly, pre-
term babies with NEC (Masi et al., 2021; Stewart et al, 2016)
and LOS (Mai et al., 2013) have relatively decreased abundances of
Bifidobacterium spp., and in the case of NEC, supplementation with
probiotics containing Bifidobacteria, among other species, may reduce
the risk of disease (van den Akker et al., 2020). In addition, recent data
suggest that human milk oligosaccharide profiling may be useful in pre-
dicting NEC onset (Masi et al., 2021).
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4 | MOVING BEYOND MICROBIOME
ASSOCIATIONS

Molecular methods have enabled the rapid and comprehensive
identification of microbial species related to disease, which has opened
up new research possibilities in the therapeutic efforts against pre-
term NEC and LOS. Still, metagenomic sequencing of non-invasive stool
samples may fail to accurately capture the community functioning of
the microbiome within the different compartments of the intestine.
Transcriptomics, proteomics and metabolomics (the study of gene
expression, proteins and metabolites, respectively) can assist with
understanding this functional capacity (Beck et al., 2021; Renwick
& Stewart, 2021). Recent work has integrated these multi-omic
techniques to substantially improve our understanding of host-
microbiome interactions (Graspeuntner et al., 2019; Stewart et al.,
2016,2017,2018; Yapetal.,, 2021; Zwittink et al., 2017). Nevertheless,
such work typically yields associations and often more questions than
answers. Thus, to build from this work and to understand potential
mechanisms, a representative model of the preterm intestinal gut
environment is essential.

One such model is the preterm intestinally derived organoid.
Intestinal organoids are self-organising three-dimensional epithelial
structures that simulate and retain some of the complex structural
and functional properties of the native intestinal microenvironment.
Intestinal organoids are derived directly from a human source
(intestinal biopsy/resected samples) and enable prolonged culture and
assessment of the intestinal epithelium. As the cultures are patient-
derived, these models also retain unique genetic and epigenetic
features of individuals. Importantly, life stage was also recently shown
to be captured in intestinal organoids, where lines derived from pre-
term infants and adults differed significantly in their gene expression
profiles (Masi, Fofanova, et al., 2021). This difference was further
emphasised when culturing the organoids with viable bacteria. Thus,
co-culture with microbes specific to the patient further increases the
relevance of this model.

Although intestinal organoids have not yet been integrated in the
study of diseases of preterm infants, recent work has elucidated an
effective protocol to produce preterm intestinally derived organoids
from intestinal stem cells isolated from surgically resected tissue
(Stewart et al., 2020). Other work has developed an experimental
enteroid model of NEC by inducing an inflammatory response with
lipopolysaccharide, based on prior knowledge of experimental NEC
in cell culture and animal models (Ares et al., 2019). Approaches
have also sought to make such models more physiologically relevant,
including anaerobic co-culture and microfluidic ‘organ-on-a-chip’ (Bein
et al.,, 2018; Fofanova et al., 2019). Moreover, recent work involving
the exposure of preterm intestinal cell cultures to the infant’s faecal
filtrates was able to connect specific bacterial phyla to inflammatory
mediators, in amethod that could also be applied to organoids (Gibbons
etal.,2021). These recent developments undoubtedly have potential to
benefit the study of host-microbiome interaction in preterm disease,
including mechanisms and potential interventional strategies. Beyond
research, the use of such relevant, personalised models could have
huge translational potential: evidence can be directly brought back

to clinicians to facilitate future informed, personalised decisions in
healthcare.

5 | CONCLUDING REMARKS

With improved neonatal care practices, the number of surviving pre-
term infants is increasing, along with subsequent increases in the
rates of NEC and LOS. Still, treatment strategies prove inadequate and
prevention appears out of reach. As an easily manipulated and thus
incredibly attractive target, the gut microbiome and the tools used
to explore it are now more important than ever. Preterm intestinally
derived organoids offer promise as a novel strategy to investigate
host-microbiome interactions in the preterm gut. Further, due to
advances in enhancing the physiological relevance of these models as
well as the personalised nature of patient-derived organoids, preterm
intestinally derived organoids may have a significant impact on future
clinical work. Gaining a deeper understanding of the microbiome using
relevant methodology will enable the exploration of new targeted
therapeutic strategies in preterm disease as well as in a range of other

pathologies.

ACKNOWLEDGEMENTS

S.AF. is funded by the MRC Discovery Medicine North Doctoral
Training Partnership. C.J.S. acknowledges funding from a Sir Henry
Dale Fellowship jointly funded by the Wellcome Trust and the Royal
Society (Grant Number 221745/7/20/Z), a Newcastle University
Academic career Track (NUACcT) Fellowship, and the 2021 Lister
Institute Prize Fellow Award.

COMPETING INTERESTS

C.J.S. and J.E.B. declare receiving lecture honoraria from Danone Early
Life Nutrition and Nestle Nutrition Institute, but have no share options
or other conflicts.

AUTHOR CONTRIBUTIONS

S.AF. drafted the initial manuscript and produced the images. J.E.B.
and C.J.S. contributed to critical revisions. All authors have read
and approved the final version of this manuscript and agree to be
accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved. All persons designated as
authors qualify for authorship, and all those who qualify for authorship

are listed.

ORCID
Sinead Ahearn-Ford
Christopher J. Stewart

https://orcid.org/0000-0001-5979-9636
https://orcid.org/0000-0002-6033-338X

REFERENCES

Ares, G. J., Buonpane, C., Yuan, C., Wood, D., & Hunter, C. J. (2019). A novel
human epithelial enteroid model of necrotizing enterocolitis. Journal of
Visualized Experiments (146), 10.3791/59194. https://doi.org/10.3791/
59194


https://orcid.org/0000-0001-5979-9636
https://orcid.org/0000-0001-5979-9636
https://orcid.org/0000-0002-6033-338X
https://orcid.org/0000-0002-6033-338X
https://doi.org/10.3791/59194
https://doi.org/10.3791/59194

2 | WILEY

AHEARN-FORD ET AL.

Battersby, C., Santhalingam, T., Costeloe, K., & Modi, N. (2018). Incidence
of neonatal necrotising enterocolitis in high-income countries: A
systematic review. Archives of Disease in Childhood: Fetal and Neonatal
Edition, 103(2), F182-F189. https://doi.org/10.1136/archdischild-
2017-313880

Beck, L. C., Granger, C. L., Masi, A. C., & Stewart, C. J. (2021). Use of omic
technologies in early life gastrointestinal health and disease: From bench
to bedside. Expert Review of Proteomics, 18(4), 247-259. https://doi.org/
10.1080/14789450.2021.1922278

Bein, A, Shin, W,, Jalili-Firoozinezhad, S., Park, M. H., Sontheimer-Phelps,
A., Tovaglieri, A., Chalkiadaki, A., Kim, H. J., & Ingber, D. E. (2018).
Microfluidic organ-on-a-chip models of human intestine. Cellular and
Molecular Gastroenterology and Hepatology, 5(4), 659-668. https://doi.
org/10.1016/j.jcmgh.2017.12.010

Bejaoui, S., & Poulsen, M. (2020). The impact of early life antibiotic use
on atopic and metabolic disorders: Meta-analyses of recent insights.
Evolution, Medicine, and Public Health, 2020(1), 279-289. https://doi.org/
10.1093/emph/ecaa039

Chu, D. M., Antony, K. M., Ma, J,, Prince, A. L., Showalter, L., Moller, M.,
& Aagaard, K. M. (2016). The early infant gut microbiome varies in
association with a maternal high-fat diet. Genome Medicine, 8(1), 77.
https://doi.org/10.1186/s13073-016-0330-z

Dong, Y., & Speer, C. P. (2015). Late-onset neonatal sepsis: Recent
developments. Archives of Disease in Childhood. Fetal and Neonatal
Edition, 100(3), F257-F263. https://doi.org/10.1136/archdischild-
2014-306213

Eiseman, B., Silen, W., Bascom, G. S., & Kauvar, A. J. (1958). Fecal enema as
an adjunctin the treatment of pseudomembranous enterocolitis. Surgery,
44(5),854-859.

El Manouni El Hassani, S., Niemarkt, H. J., Berkhout, D. J. C., Peeters, C. F. W.,
Hulzebos, C. V., van Kaam, A. H., Kramer, B. W,, van Lingen, R. A, Jenken,
F., de Boode, W. P, Benninga, M. A, Budding, A. E., van Weissenbruch,
M. M., de Boer, N. K. H., & de Meij, T. G. J. (2021). Profound pathogen-
specific alterations in intestinal microbiota composition precede late-
onset sepsis in preterm infants: A longitudinal, multicenter, case-control
study. Clinical Infectious Diseases, 73(1), e224-e232. https://doi.org/10.
1093/cid/ciaal635

Esmaeilizand, R., Shah, P.S., Seshia, M., Yee, W., Yoon, E. W., & Dow, K. (2018).
Antibiotic exposure and development of necrotizing enterocolitis in very
preterm neonates. Paediatrics and Child Health, 23(4), e56-e61. https://
doi.org/10.1093/pch/pxx169

Ferretti, P, Pasolli, E., Tett, A., Asnicar, F., Gorfer, V., Fedi, S., Armanini, F.,
Truong, D. T., Manara, S., Zolfo, M., Beghini, F., Bertorelli, R., De Sanctis,
V., Bariletti, I., Canto, R., Clementi, R., Cologna, M., Crifo, T., Cusumano,
G., ... Segata, N. (2018). Mother-to-infant microbial transmission from
different body sites shapes the developing infant gut microbiome. Cell
Host and Microbe, 24(1), 133-145.e5. https://doi.org/10.1016/j.chom.
2018.06.005

Fofanova, T. Y., Stewart, C. J, Auchtung, J. M., Wilson, R. L., Britton,
R. A, Grande-Allen, K. J., Estes, M. K., & Petrosino, J. F. (2019). A
novel human enteroid-anaerobe co-culture system to study microbial-
host interaction under physiological hypoxia. BioRxiv, https://doi.org/10.
1101/555755

Garrido, D., Dallas, D. C., & Mills, D. A. (2013). Consumption of human milk
glycoconjugates by infant-associated bifidobacteria: Mechanisms and
implications. Microbiology, 159(4), 649-664. https://doi.org/10.1099/
mic.0.064113-0

Gibbons, J., Yoo, J. Y., Mutka, T., Groer, M., & Ho, T. T. B. (2021). A pilot study
to establish an in vitro model to study premature intestinal epithelium
and gut microbiota interactions. MSphere, 6(5), e€0080621. https://doi.
org/10.1128/mSphere.00806-21

Goodrich, J. K., Waters, J. L., Poole, A.C., Sutter, J. L., Koren, O., Blekhman, R.,
Beaumont, M., Van Treuren, W., Knight, R., Bell, J. T., Spector, T. D., Clark,
A.G., &Ley, R.E. (2014). Human genetics shape the gut microbiome. Cell,
159(4),789-799. https://doi.org/10.1016/j.cell.2014.09.053

Graspeuntner, S., Waschina, S., Kiinzel, S., Twisselmann, N., Rausch, T. K,
Cloppenborg-Schmidt, K., Zimmermann, J., Viemann, D., Herting, E.,
Gopel, W., Baines, J. F,, Kaleta, C., Rupp, J., Hartel, C., & Pagel, J. (2019).
Gut dysbiosis with bacilli dominance and accumulation of fermentation
products precedes late-onset sepsis in preterm infants. Clinical Infectious
Diseases, 69(2), 268-277. https://doi.org/10.1093/cid/ciy882

Henderickx, J. G. E., Zwittink, R. D., Van Lingen, R. A, Knol, J., & Belzer,
C. (2019). The preterm gut microbiota: An inconspicuous challenge in
nutritional neonatal care. Frontiers in Cellular and Infection Microbiology,
9, 85. https://doi.org/10.3389/fcimb.2019.00085

Henrick, B. M., Rodriguez, L., Lakshmikanth, T., Pou, C., Henckel, E.,
Arzoomand, A, Olin, A., Wang, J., Mikes, J., Tan, Z., Chen, Y., Ehrlich, A.M,,
Bernhardsson, A. K., Mugabo, C. H., Ambrosiani, Y., Gustafsson, A., Chew,
S.,Brown, H.K., Prambs, J., ..., Brodin, P.(2021). Bifidobacteria-mediated
immune system imprinting early in life. Cell, 184(15), 3884-3898.e11.
https://doi.org/10.1016/j.cell.2021.05.030

Hooks, K. B., & O'Malley, M. A. (2017). Dysbiosis and its discontents. MBio,
8(5),e01492-17. https://doi.org/10.1128/mBi0.01492-17

Jia, J,, Xun, P, Wang, X,, He, K,, Tang, Q., Zhang, T., Wang, Y., Tang, W., Lu,
L., Yan, W.,, Wang, W., Hu, T., & Cai, W. (2020). Impact of postnatal anti-
biotics and parenteral nutrition on the gut microbiota in preterm infants
during early life. Journal of Parenteral and Enteral Nutrition, 44(4), 639-
654. https://doi.org/10.1002/jpen.1695

Kostic, A. D., Howitt, M. R, & Garrett, W. S. (2013). Exploring host-
microbiota interactions in animal models and humans. Genes and
Development, 27(7),701-718. https://doi.org/10.1101/gad.212522.112

La Rosa P. S., Warner, B. B., Zhou, Y., Weinstock, G. M., Sodergren, E., Hall-
Moore, C. M., Stevens, H. J., Bennett, W. E., Shaikh, N., Linneman, L.
A., Hoffmann, J. A, Hamvas, A., Deych, E., Shands, B. A., Shannon, W.
D., & Tarr, P. I. (2014). Patterned progression of bacterial populations
in the premature infant gut. Proceedings of the National Academy of
Sciences, USA, 111(34), 12522-12527. https://doi.org/10.1073/pnas.
1409497111

Leeuwenhoek, A. v. (1681). Letter no. 66. In Alle de brieven van Antoni
van Leeuwenhoek (pp. 344-381). https://www.dbnl.org/tekst/leeu027
alle03_01/leeu027alle03_01_0025.php#b0066

Li, Y., Shen, R. L., Ayede, A. |, Berrington, J., Bloomfield, F. H., Busari, O. O.,
Cormack, B. E., Embleton, N. D., van Goudoever, J. B., Greisen, G., He, Z.,
Huang, Y., Li, X, Lin, H. C., Mei, J., Meier, P. P, Nie, C., Patel, A. L., Sangild,
P.T,...,Zhou, P.(2020). Early use of antibiotics is associated with a lower
incidence of necrotizing enterocolitis in preterm, very low birth weight
infants: The NEOMUNE-NeoNutriNet cohort study. Journal of Pediatrics,
227,128-134.e2. https://doi.org/10.1016/].jpeds.2020.06.032

Lu, Q, Lin, Y., Chen, T, Lv, H., Diao, F, Liu, C., Peng, M, Ling, X,, Li, H., Wang,
Y., Wei, Y., Du, J,, Jin, G, Xia, Y., Ma, H., Liu, X, Shen, H., & Hu, Z. (2020).
Alternations of gut microbiota composition in neonates conceived by
assisted reproductive technology and its relation to infant growth.
Gut Microbes, 12(1), 1794466. https://doi.org/10.1080/19490976.2020.
1794466

Mai, V., Torrazza, R. M., Ukhanova, M., Wang, X,, Sun, Y., Li, N., Shuster, J.,
Sharma, R., Hudak, M. L., & Neu, J. (2013). Distortions in development of
intestinal microbiota associated with late onset sepsis in preterm infants.
PLoS One, 8(1),e52876. https://doi.org/10.1371/journal.pone.0052876

Masi, A. C., Embleton, N. D., Lamb, C. A, Young, G., Granger, C. L,
Najera, J., Smith, D. P, Hoffman, K. L., Petrosino, J. F, Bode, L.,
Berrington, J. E., & Stewart, C. J. (2021). Human milk oligosaccharide
DSLNT and gut microbiome in preterm infants predicts necrotising
enterocolitis. Gut, 70(12), 2273-2282. https://pubmed.ncbi.nim.nih.gov/
33328245/

Masi, A.C.,Fofanova, T.Y.,Lamb, C. A, Auchtung, J. A, Britton, R. A, Estes, M.
K., Ramani, S., Cockell, S. J., Coxhead, J., Embleton, N. D., Berrington, J. E.,
Petrosino, J. F., & Stewart, C. J. (2021). Distinct gene expression profiles
between human preterm-derived and adult-derived intestinal organoids
exposed to Enterococcus faecalis: A pilot study. Gut (in press), gutjnl-2021-
326552. https://doi.org/10.1136/gutjnl-2021-326552


https://doi.org/10.1136/archdischild-2017-313880
https://doi.org/10.1136/archdischild-2017-313880
https://doi.org/10.1080/14789450.2021.1922278
https://doi.org/10.1080/14789450.2021.1922278
https://doi.org/10.1016/j.jcmgh.2017.12.010
https://doi.org/10.1016/j.jcmgh.2017.12.010
https://doi.org/10.1093/emph/eoaa039
https://doi.org/10.1093/emph/eoaa039
https://doi.org/10.1186/s13073-016-0330-z
https://doi.org/10.1136/archdischild-2014-306213
https://doi.org/10.1136/archdischild-2014-306213
https://doi.org/10.1093/cid/ciaa1635
https://doi.org/10.1093/cid/ciaa1635
https://doi.org/10.1093/pch/pxx169
https://doi.org/10.1093/pch/pxx169
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1101/555755
https://doi.org/10.1101/555755
https://doi.org/10.1099/mic.0.064113-0
https://doi.org/10.1099/mic.0.064113-0
https://doi.org/10.1128/mSphere.00806-21
https://doi.org/10.1128/mSphere.00806-21
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1093/cid/ciy882
https://doi.org/10.3389/fcimb.2019.00085
https://doi.org/10.1016/j.cell.2021.05.030
https://doi.org/10.1128/mBio.01492-17
https://doi.org/10.1002/jpen.1695
https://doi.org/10.1101/gad.212522.112
https://doi.org/10.1073/pnas.1409497111
https://doi.org/10.1073/pnas.1409497111
https://www.dbnl.org/tekst/leeu027alle03_01/leeu027alle03_01_0025.php#b0066
https://www.dbnl.org/tekst/leeu027alle03_01/leeu027alle03_01_0025.php#b0066
https://doi.org/10.1016/j.jpeds.2020.06.032
https://doi.org/10.1080/19490976.2020.1794466
https://doi.org/10.1080/19490976.2020.1794466
https://doi.org/10.1371/journal.pone.0052876
https://pubmed.ncbi.nlm.nih.gov/33328245/
https://pubmed.ncbi.nlm.nih.gov/33328245/
https://doi.org/10.1136/gutjnl-2021-326552

AHEARN-FORD ET AL.

Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., Belzer,
C., Delgado Palacio, S., Arboleya Montes, S., Mancabelli, L., Lugli, G. A.,
Rodriguez, J. M., Bode, L., de Vos, W., Gueimonde, M., Margolles, A,
van Sinderen, D., & Ventura, M. (2017). The first microbial colonizers of
the human gut: Composition, activities, and health implications of the
infant gut microbiota. Microbiology and Molecular Biology Reviews, 81(4),
e00036-17. https://doi.org/10.1128/mmbr.00036-17

Nifo, D. F,, Sodhi, C. P, & Hackam, D. J. (2016). Necrotizing enterocolitis:
New insights into pathogenesis and mechanisms. Nature Reviews. Gastro-
enterology and Hepatology, 13(10), 590-600. https://doi.org/10.1038/
nrgastro.2016.119

Ranjan, R, Rani, A, Metwally, A, McGee, H. S., & Perkins, D. L. (2016).
Analysis of the microbiome: Advantages of whole genome shotgun
versus 16S amplicon sequencing. Biochemical and Biophysical Research
Communications, 469(4), 967-977. https://doi.org/10.1016/j.bbrc.2015.
12.083

Renwick, V. L., & Stewart, C. J. (2021). Exploring functional metabolites
in preterm infants. Acta Paediatrica, 111(1), 45-53. https://doi.org/10.
1111/apa.16146

Romano-Keeler, J., Zhang, J., & Sun, J. (2021). COVID-19 and the neonatal
microbiome: Will the pandemic cost infants their microbes? Gut Microbes,
13(1), 1-7. https://doi.org/10.1080/19490976.2021.1912562

Sandall, J., Tribe, R. M., Avery, L., Mola, G., Visser, G. H., Homer, C. S,
Gibbons, D., Kelly, N. M., Kennedy, H. P, Kidanto, H., Taylor, P, &
Temmerman, M. (2018). Short-term and long-term effects of caesarean
section on the health of women and children. The Lancet, 392(10155),
1349-1357. https://doi.org/10.1016/50140-6736(18)31930-5

Sommer, F., & Bickhed, F. (2013). The gut microbiota—masters of host
development and physiology. Nature Reviews. Microbiology, 11(4), 227-
238. https://doi.org/10.1038/nrmicro2974

Stearns, J. C., Zulyniak, M. A,, de Souza, R. J., Campbell, N. C., Fontes, M.,
Shaikh, M., Sears, M. R, Becker, A. B., Mandhane, P. J., Subbarao, P,
Turvey, S. E., Gupta, M., Beyene, J., Surette, M. G., & Anand, S. S. (2017).
Ethnic and diet-related differences in the healthy infant microbiome.
Genome Medicine, 9(1), 32. https://doi.org/10.1186/s13073-017-0421-
5

Stewart, C. J., Marrs, E. C. L., Magorrian, S., Nelson, A, Lanyon, C., Perry, J.
D., Embleton, N. D., Cummings, S. P,, & Berrington, J. E. (2012). The pre-
term gut microbiota: Changes associated with necrotizing enterocolitis
and infection. Acta Paediatrica, 101(11), 1121-1127. https://doi.org/10.
1111/j.1651-2227.2012.02801.x

Stewart, C. J. (2021). Breastfeeding promotes bifidobacterial immuno-
modulatory metabolites. Nature Microbiology, 6(11), 1335-1336. https://
doi.org/10.1038/s41564-021-00975-2

Stewart, C. J., Ajami, N. J., O'Brien, J. L., Hutchinson, D. S., Smith, D. P,
Wong, M. C,, Ross, M. C,, Lloyd, R. E., Doddapaneni, H. V., Metcalf, G. A,
Muzny, D., Gibbs, R. A., Vatanen, T., Huttenhower, C., Xavier, R. J., Rewers,
M., Hagopian, W., Toppari, J., Ziegler, A. G, ..., Petrosino, J. F. (2018).
Temporal development of the gut microbiome in early childhood from
the TEDDY study. Nature, 562(7728),583-588. https://doi.org/10.1038/
s41586-018-0617-x

Stewart, C. J., Embleton, N. D., Marrs, E. C. L., Smith, D. P, Fofanova, T,
Nelson, A., Skeath, T., Perry, J. D., Petrosino, J. F.,, Berrington, J. E., &
Cummings, S. P. (2017). Longitudinal development of the gut micro-
biome and metabolome in preterm neonates with late onset sepsis and
healthy controls. Microbiome, 5(1), 75. https://doi.org/10.1186/s40168-
017-0295-1

Stewart, C. J., Embleton, N. D., Marrs, E. C. L., Smith, D. P, Nelson, A,
Abdulkadir, B., Skeath, T., Petrosino, J. F,, Perry, J. D., Berrington, J. E., &
Cummings, S. P. (2016). Temporal bacterial and metabolic development
of the preterm gut reveals specific signatures in health and disease.
Microbiome, 4(1), 67. https://doi.org/10.1186/s40168-016-0216-8

WILEY -2

Stewart, C. J., Estes, M. K., & Ramani, S. (2020). Establishing human intestinal
enteroid/organoid lines from preterm infant and adult tissue. Methods
in Molecular Biology, 2121, 185-198. https://doi.org/10.1007/978-1-
0716-0338-3_16

Tchirikov, M., Schlabritz-Loutsevitch, N., Maher, J, Buchmann, J.,
Naberezhnev, Y., Winarno, A. S., & Seliger, G. (2018). Mid-trimester
preterm premature rupture of membranes (PPROM): Etiology,
diagnosis, classification, international recommendations of treatment
options and outcome. Journal of Perinatal Medicine, 46(5), 465-488.
https://doi.org/10.1515/jpm-2017-0027

Vaiserman, A. M., Koliada, A. K., & Marotta, F. (2017). Gut microbiota:
A player in aging and a target for anti-aging intervention. Ageing
Research Reviews, 35, 36-45. https://doi.org/10.1016/j.arr.2017.01.
001

van den Akker, C. H. P, van Goudoever, J. B., Shamir, R., Domellof,
M., Embleton, N. D., Hojsak, I, Lapillonne, A., Mihatsch, W. A,
Berni Canani, R., Bronsky, J., Campoy, C. Fewtrell, M. S., Fidler
Mis, N., Guarino, A., Hulst, J. M., Indrio, F., Kolacek, S., Orel, R,
Vandenplas, Y., ..., Szajewska, H. (2020). Probiotics and preterm infants:
A position paper by the European Society for Paediatric Gastro-
enterology Hepatology and Nutrition Committee on Nutrition and
the European Society for Paediatric Gastroenterology Hepatology and
Nutrition Working Group for Probiotics and Prebiotics. Journal of
Pediatric Gastroenterology and Nutrition, 70(5), 664-680. https://doi.org/
10.1097/MPG.0000000000002655

Ward, D. V., Scholz, M., Zolfo, M., Taft, D. H., Schibler, K. R., Tett, A,, Segata,
N., & Morrow, A. L. (2016). Metagenomic sequencing with strain-level
resolution implicates uropathogenic E. coli in necrotizing enterocolitis
and mortality in preterm infants. Cell Reports, 14(12), 2912-2924.
https://doi.org/10.1016/j.celrep.2016.03.015

Yap, P.S. X,, Chong, C. W., Ahmad Kamar, A, Yap, I. K. S., Choo, Y. M,, Lai, N.
M., & Teh, C. S. J. (2021). Neonatal intensive care unit (NICU) exposures
exert a sustained influence on the progression of gut microbiota and
metabolome in the first year of life. Scientific Reports, 11(1), 1353.
https://doi.org/10.1038/s41598-020-80278-1

Yassour, M., Vatanen, T, Siljander, H., Hdmalainen, A. M., Harkonen, T,
Ryhanen, S. J,, Franzosa, E. A., Vlamakis, H., Huttenhower, C., Gevers, D.,
Lander, E. S., Knip, M., & Xavier, R. J. (2016). Natural history of the infant
gut microbiome and impact of antibiotic treatment on bacterial strain
diversity and stability. Science Translational Medicine, 8(343), 343ra81.
https://doi.org/10.1126/scitransImed.aad0917

Yu, Y., Lu, L, Sun, J., Petrof, E. O., & Claud, E. C. (2016). Preterm infant
gut microbiota affects intestinal epithelial development in a humanized
microbiome gnotobiotic mouse model. American Journal of Physiology.
Gastrointestinal and Liver Physiology, 311(3), G521-G532. https://doi.org/
10.1152/ajpgi.00022.2016

Zwittink, R. D., Van Zoeren-Grobben, D., Martin, R., Van Lingen, R. A,
Jebbink, L. J. G, Boeren, S., Renes, I. B.,, Van Elburg, R. M., Belzer,
C., & Knol, J. (2017). Metaproteomics reveals functional differences
in intestinal microbiota development of preterm infants. Molecular
and Cellular Proteomics, 16(9), 1610-1620. https://doi.org/10.1074/mcp.
RA117.000102

How to cite this article: Ahearn-Ford, S., Berrington, J.E., &
Stewart, C. J. (2022). Development of the gut microbiome in
early life. Experimental Physiology, 107, 415-421.
https://doi.org/10.1113/EP089919


https://doi.org/10.1128/mmbr.00036-17
https://doi.org/10.1038/nrgastro.2016.119
https://doi.org/10.1038/nrgastro.2016.119
https://doi.org/10.1016/j.bbrc.2015.12.083
https://doi.org/10.1016/j.bbrc.2015.12.083
https://doi.org/10.1111/apa.16146
https://doi.org/10.1111/apa.16146
https://doi.org/10.1080/19490976.2021.1912562
https://doi.org/10.1016/S0140-6736(18)31930-5
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1186/s13073-017-0421-5
https://doi.org/10.1186/s13073-017-0421-5
https://doi.org/10.1111/j.1651-2227.2012.02801.x
https://doi.org/10.1111/j.1651-2227.2012.02801.x
https://doi.org/10.1038/s41564-021-00975-z
https://doi.org/10.1038/s41564-021-00975-z
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1186/s40168-017-0295-1
https://doi.org/10.1186/s40168-017-0295-1
https://doi.org/10.1186/s40168-016-0216-8
https://doi.org/10.1007/978-1-0716-0338-3_16
https://doi.org/10.1007/978-1-0716-0338-3_16
https://doi.org/10.1515/jpm-2017-0027
https://doi.org/10.1016/j.arr.2017.01.001
https://doi.org/10.1016/j.arr.2017.01.001
https://doi.org/10.1097/MPG.0000000000002655
https://doi.org/10.1097/MPG.0000000000002655
https://doi.org/10.1016/j.celrep.2016.03.015
https://doi.org/10.1038/s41598-020-80278-1
https://doi.org/10.1126/scitranslmed.aad0917
https://doi.org/10.1152/ajpgi.00022.2016
https://doi.org/10.1152/ajpgi.00022.2016
https://doi.org/10.1074/mcp.RA117.000102
https://doi.org/10.1074/mcp.RA117.000102
https://doi.org/10.1113/EP089919

	Development of the gut microbiome in early life
	Abstract
	1 | HISTORY
	2 | MICROBIOME SEQUENCING
	3 | GUT MICROBIOME IN INFANCY
	3.1 | Term infants
	New Findings

	3.2 | Preterm infants
	3.2.1 | Disease in preterm infants

	4 | MOVING BEYOND MICROBIOME ASSOCIATIONS
	5 | CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	COMPETING INTERESTS
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES


