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ABSTRACT 
The commensal microbiota has both beneficial and negative effects on the 
host. It is a source of infectious and inflammatory microorganisms, but may 
also provide immune stimulation during a critical period during early infancy 
that possibly offers protection against allergy and other immune mediated 
diseases. Here, we examine four birth cohorts to investigate the interplay 
between lifestyle factors, microbiota acquisition and maturation, production 
by the microbiota of immunomodulatory short chain fatty acids (SCFA) and 
allergy development. The FARMFLORA birth cohort consists of children raised 
on small family-owned dairy farms and non-farming controls from the same 
rural areas, the BAS cohort followed infants born in Jämtland until 13 years of 
age, the NICE cohort includes infants born in Norrbotten, and the ÖFLORA 
cohort consists of extremely preterm infants cared for at a neonatal intensive 
care unit in Göteborg. Our hypotheses were that preterm neonates acquire a 
microbiota that may predispose to sepsis and the inflammatory condition 
necrotizing enterocolitis, while a microbiota dominated by anaerobic bacteria 
yields protection from allergy development, in part through production of 
SCFAs. Using 16S rRNA gene sequencing, we demonstrate that growing up on 
a farm, with pets, or with elder siblings are all associated with enrichment of 
core anaerobic commensals, which in turn is reflected in more complex SCFAs 
in feces and protection from allergy at 3 and 8 years of age. The SCFA valeric 
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acid was associated with protection from allergy in later childhood, a finding 
confirmed in the BAS cohort. Using newly developed highly sensitive liquid 
chromatography-mass spectroscopy, we measured SCFAs in infants’ blood 
plasma at 4 months of age, as well as corresponding samples of mother’s milk 
and blood plasma in the NICE cohort. Plasma levels of several SCFAs were 
lower in infants who later became allergic and/or sensitized. Interestingly, the 
SCFAs butyrate and caproate were enriched 100-fold in mother’s breast milk 
compared to her blood plasma, suggesting selective transport into the milk to 
serve the demands of the infant. Further, iso-butyrate and valerate were also 
enriched (4-fold) in milk, while other SCFAs were less prevalent in milk than 
in maternal blood plasma. Lastly, characterization of the gut, oral and skin 
microbiota of extremely preterm infants revealed a microbiota with a 
profound lack of anaerobes, dominated by Gram-positive facultatives, 
especially coagulase-negative staphylococci, and with a high prevalence of 
yeasts. Treatment with antibiotics affected microbiota development, as also 
did the degree of prematurity. The characteristics of the preterm microbiota 
may increase the risk of infectious and inflammatory conditions. Taken 
together, our results suggest that early life exposures impact on the 
composition of the infant gut microbiota and that SCFAs might be mediators 
contributing to immune maturation and protection against allergy. 

Keywords: microbiota, gut, oral, skin, short chain fatty acids, allergy, siblings, 
farm, pets, extremely preterm, quantitative culture, 16S rRNA gene 
sequencing 
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Sammanfattning på svenska 
Vår hud och många av våra slemhinnor täcks av en normalflora som etableras 
under nyföddhetsperioden och blir alltmer komplex under tidig barndom. 
Normalfloran har både positiva och negativa effekter. Den kan ge oss 
infektioner och orsaka inflammation, men också stimulera immunsystemet så 
att det utvecklas på korrekt sätt och inte överreagerar mot ofarliga ämnen; 
enligt den så kallade ”hygienhypotesen” ger en riklig exponering för mikrober 
under nyföddhetsperioden skydd mot utveckling av allergi och andra 
immunregleringssjukdomar. Normalfloran i tjocktarmen tillverkar också korta 
fettsyror så som ättikssyra, smörsyra och valieransyra som utgör näring för 
tarrmslemhinnan och påverkar immunsystemets celler. I avhandlingen 
studeras barn från fyra födelsekohorter, alltifrån barn som växer upp på 
bondgård till för tidigt födda barn på neonatal intensivvårdsavdelning.  Vi 
studerar betydelsen av olika livsstilsfaktorer för hur normalfloran etableras 
och mognar, dess produktion av olika kortkedjiga fettsyror och relation till 
senare allergiutveckling. Vi visar att barn som växer upp på bondgård, med 
husdjur eller med äldre syskon, tidigt får en komplex anaerob tarmflora och 
mer av vissa fettsyror i avföringen. Den korta fettsyran valeriansyra, liksom 
en tarmflora tidigt dominerad av anaerober, var förknippad med minskad 
allergiutveckling. Valeriansyra var också förknippad med minskad 
allergiutveckling i en annan födelsekohort (Barn Allergistudien). I 
födelsekohorten NICE sågs en koppling mellan koncentration av flera olika 
korta fettsyror i spädbarnets blod och minskad risk för senare 
allergiutveckling och att smörsyra och kapronsyra selektivt anrikades i 
mammans bröstmjölk där de förekom i 100 gånger högre koncentration än i 
hennes blod; kanske utgör de näring för barnets slemhinnor. Normalfloran 
hos extremt för tidigt födda barn var fattig på anaeroba bakterier och både 
mun-, hud- och tarmflora dominerades av grampositiva fakultativa 
anaerober; jästsvampar förekom rikligt. Prematurfloran var framför allt 
kopplad till den myckna antibiotikabehandlingen och kan vara en riskfaktor 
för utveckling av sepsis och nekrotiserande enterokolit som ofta drabbar 
dessa barn. Sammantaget tyder våra resultat på att många faktorer påverkar 
sammansättningen av spädbarnets normalflora och att tarmfloran, liksom de 
korta fettsyror den bildar, kan bidra till immunsystemets mognad och skydd 
mot allergiutveckling.
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Introduction 
The human body is home to an immense diversity of microbial life known as 
the microbiota, which is made up of trillions of individual bacteria, as well as 
fungi and sometimes archaea. Unlike pathogens infecting us, or transient 
bacteria that are swallowed in food or contaminate the skin from outside 
sources, the microbiota is an ecosystem of organisms which live and replicate 
on and in the body. Normally, these organisms exert only limiting harm on 
their hosts. For this reason, they are referred to as the body’s normal flora. 
However, it should be acknowledged that most bacterial infections are 
caused by bacteria that have been commensals for a shorter or longer period 
of time, before they enter a normally sterile site and cause infection. The vast 
amount of inflammatogenic substances present in and on bacterial cells may 
also be a source of chronic inflammation, paving way for diseases such as 
colon cancer. 

The microbiota is acquired during infancy in a gradual process that is 
influenced by the array of bacteria present in the environment and modified 
by factors such as diet and exposure to antibiotics. This thesis concerns the 
composition and evolution of the microbiota in relation to some external 
exposures, such as having elder siblings or pets, and being raised on a farm, 
but also being born much too early and being exposed to the very particular 
environment of a neonatal intensive care unit. 

The composition of the infant’s microbiota may affect several aspects of 
future health. The microbiota contains a vast pool of foreign antigens as well 
as microbial danger signals and therefore has the potential of influencing the 
development of the immune system during the critical period of early infancy, 
including the capacity to either actively tolerize environmental antigens, or to 
develop sensitization and allergy. However, the mechanisms by which the 
microbiota affects maturation of the immune system in early infancy are 
unknown. Here, we focus on short-chain fatty acids, metabolites produced by 
the colonic microbiota that have known immune-modulating properties. 
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Conversely, many organisms residing in the microbiota may cause infections, 
if reaching too high population counts, or if spread into the blood, tissues or 
normally sterile mucosae. Neonates, especially if born prematurely, are at 
increased risk of such infections. 

Microbial classification and characteristics 
All cellular life can be classified into three domains: bacteria, archaea and 
eukaryotes, and all of these may be represented in the human microbiota. 
Bacteria and archaea are both single-celled organisms with no cell nucleus, 
i.e. procaryotes. Fungi are eukaryotes but contain a cell wall. Although they 
are usually complex multicellular organisms, some of them can also exist in 
unicellular form that may colonize animals, including humans, and sometimes 
cause disease. 

All living organisms can be classified according to a taxonomic system of eight 
levels – domain, kingdom, phylum, class, order, family, genus and species 
(Figure 1). At each level, taxonomic groups become smaller and include 
organisms with increasingly similar characteristics. Taking humans as an 
example, we belong to the domain ‘eukaryota’, kingdom ‘animalia’, phylum 
‘chordata’, class ‘mammalia’, order ‘primates’, family ‘hominidae’, genus 
‘homo’ and species ‘homo sapiens’. For microorganisms, each species may 
also contain different strains, representing different genetic subtypes. If a 
colony of microbial cells all descend from a single ancestral cell and are 
therefore genetically identical, these cells are referred to as clones. 

In addition to the formal naming system, certain key characteristics are used 
to describe different groups of bacteria. Facultatively anaerobic bacteria grow 
in the presence of oxygen but are also able to survive and replicate in 
anaerobic conditions, while anaerobic bacteria cannot use oxygen for growth 
and are unable to derive energy by using oxygen as terminal electron 
acceptor. Among anaerobes, tolerance for oxygen varies and some are 
aerotolerant, while obligate anaerobes die within minutes or hours of being 
in an oxygenated atmosphere. Anaerobic bacteria carry out many different 
metabolic processes, including fermentation, but also oxidation/reduction of 
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small compounds such as sulphate and nitrate. They may produce 
compounds that are partially toxic to facultative bacteria and encroach on 
their metabolism and living space. Therefore, an abundance of different 
anaerobic bacteria will reduce the capacity of anaerobes to proliferate and 
their populations will dwindle in the presence of a varied anaerobic 
microbiota. Facultative bacteria are able to translocate over epithelia, causing 
invasive infections. A higher abundance of intestinal facultative bacteria 
increases the risk of their translocation to mesenteric lymph nodes, and 
antibiotic-induced depletion of anaerobes in the gut also facilitates 
translocation of facultatives (1). Meanwhile, anaerobes seldom give rise to 
infections, probably because they cannot survive the high oxygen tension in 
live tissue (2). Metabolism of anaerobes and facultatives also differs. 
Anaerobes only have anaerobic metabolism and produce short-chain fatty 

Figure 1: The tree of life. Branches show the classification of living organisms 
into different groups. Prokaryotes are single-celled organisms with no cell 
nucleus belonging to the domains Bacteria and Archaea. Eukaryotes include all 
organisms with a cell nucleus and may be single-celled, such as protozoa 
(amoeba, ciliates and flagellates) and some fungi, or multicellular, such as 
animals, plants and many fungi. 
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Conversely, many organisms residing in the microbiota may cause infections, 
if reaching too high population counts, or if spread into the blood, tissues or 
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small compounds such as sulphate and nitrate. They may produce 
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acids (SCFAs) through partial oxidation of metabolic substrates, a process 
termed fermentation. Under anaerobic conditions fermentation occurs also 
in facultatives, but when oxygen levels suffice facultative anaerobes use 
aerobic respiration to fully oxidise substrates to carbon dioxide and water. 
This yields much more energy than fermentation. 

 

 

Figure 2: Gram-positive and Gram-negative bacterial cell walls. In Gram-positive 
bacteria (left) the cell wall is made up of many layers of peptidoglycan. In Gram-
negative bacteria (right) the cell wall consists of a much thinner layer of 
peptidoglycan, which is itself surrounded by an outer membrane. This outer 
membrane contains lipopolysaccharide (LPS), which is recognized by our immune 
defences and activates an inflammatory response.  

 

Another fundamental grouping of bacteria is between Gram-positive species, 
which have a thick peptidoglycan cell wall, and Gram-negative species which 
have a thin peptidoglycan cell wall and also an outer membrane (Figure 2). 
Lipopolysaccharide (LPS) is a major component of the outer membrane of 
Gram-negative bacteria, and teichoic and lipoteichoic acid are found in the 
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cell wall of Gram-positive bacteria, while peptidoglycan (murein) is found in 
both groups. LPS and peptidoglycan are unique to bacteria and recognized as 
danger signals by the immune system, which is activated on contact with 
these structures. Likewise, bacterial DNA also differs in structure from human 
DNA and acts as an additional danger signal to the immune system. Due to 
their different outer coatings, Gram-positive and negative bacteria have 
different effects on the immune system, with Gram-positives stimulating 
higher production of TNF-α, IFN-g and IL-12, suggesting that they induce a 
cytokine pattern than promotes Th1 effector functions. In contrast, 
lipopolysaccharide from Gram-negative bacteria stimulates higher 
production of IL-6, IL-8 and IL-10 (3, 4). 

Characterization of the microbiota 
From the beginning, people interested in studying bacteria have grown them 
in different kinds of media which provide food and other ingredients. This is 
known as culturing bacteria, and the original studies describing the gut 
microbiota in the 1970s were carried out using bacterial culture (5). However, 
standard culture methods are only able to detect 30-40% of the commensal 
bacteria in the colonic microbiota of an adult human being (6). More recently, 
the development of gene sequencing technologies has allowed detection of 
bacteria that are difficult to culture, particularly exquisitely anaerobic 
bacteria (6). Nonetheless, bacterial culture remains relevant to 
characterization of the microbiota, as outlined in more detail below. Both 
culture methods and 16S rRNA gene sequencing are used in this thesis. It 
should be noted that the anaerobes that colonize newborn infants can readily 
be cultured as they are relatively tolerant to ambient oxygen that is present 
in abundance in the intestine of the newborn infant. 

Culture methods 
Culture methods to identify microbes in a complex mixture such as the human 
microbiota rely on a range of different techniques, according to the following 
steps. 

1) Firstly, microbiota samples, for example fecal samples in the case of studies 
of the gut microbiota, are cultured under various conditions suited to the 
particular growth requirements of individual microbial groups. As different 
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groups may have different nutritional needs, various types of growth media 
are used. Non-selective media such as Colombia blood agar support the 
growth of many different bacteria, while selective media are adapted to 
support the growth of individual microbial groups and to restrict the growth 
of others. For instance, Drigalski agar, which is used to culture facultative 
Gram-negative gut bacteria including Enterobacteriaceae, contains a mixture 
of suitable nutrients but also bile acid (deoxycholic acid) and other agents to 
inhibit Gram-positive bacteria. Cultures are incubated under either aerobic or 
anaerobic conditions. As facultative anaerobes grow best under aerobic 
conditions, they are cultured in air or in a CO2-enriched atmosphere. Obligate 
anaerobes in the microbiota samples do not survive under aerobic conditions, 
although some aerotolerant anaerobes may persist. Thus, one can easily 
detect and enumerate facultatives with population sizes of 1000/gram of 
faeces, in the presence of 1011 anaerobic bacteria. Obligate anerobes are 
cultured under anaerobic conditions, in a nitrogen atmosphere, which in turn 
suppresses growth of facultatives. The facultatives also grow under anaerobic 
conditions and their counts must, hence, be subtracted from the counts on 
anaerobically incubated plates, to obtain the population counts of anaerobes. 

2) In parallel with Step 1 above, the amount of microbes in a sample may be 
determined by a process called quantitative culture (Figure 3). In this process, 
a known amount of the microbiota sample is serially diluted and each dilution 
is cultured as described. Each microbial colony that forms originates from a 
single microbe, or from a small clump in the case of bacteria such as 
staphylococci that clump together. The originating single microbe or clump is 
known as the colony forming unit. Counting the number of colonies formed 
from a relevant dilution (which produces an amount of colonies which is not 
too few but also not so many that they can’t be easily counted) and 
multiplying by the dilution factor gives the number of colony forming units of 
that particular bacterial group in the original microbiota sample. 

3) Finally, the microbes which have been cultured are then identified. Some 
bacteria may be preliminary identified based on their growth in a given 
medium and atmosphere together with the colony morphology, and some 
bacterial groups may be identified based on Gram-stain and bacterial form 
(cocci, bacilli, endospores) as evaluated under a microscope. Biochemical 
tests based on the presence or absence of certain bacterial enzymes may aid 
in the identification of some groups. The enzyme catalase converts hydrogen 
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peroxide to oxygen, and presence of catalase is characteristic of e.g. 
staphylococci. Also, the enzyme coagulase converts fibrinogen to fibrin, which 
triggers clot formation in blood plasma, and this enzyme is found in 
Staphylococcus aureus but not other ‘coagulase-negative’ staphylococci such 
as S. epidermidis and S. haemolyticus. Biotyping is a method for species 
identification, which relies on different bacterial species having characteristic 
patterns of reaction to an array of biochemical tests. Biotyping kits are 
commercially available, for example API 20E for identification of 
Enterobacteriaceae species. Finally, matrix-assisted laser desorption 
ionization - time of flight mass spectrometry (MALDI-TOF) is a more recent, 
rapid, sensitive and inexpensive method for identification of bacteria and 
fungi, typically at the species level. Microbial colonies are bombarded by a 
laser beam, releasing microbial fragments which are detected by mass 
spectroscopy, and identification is carried out by comparison of the microbial 
fragment pattern against a reference library. Specific PCR methods may also 
be used to identify select groups of bacteria. 

 

Figure 3: Quantitative culture. Microbial samples are serially diluted, the dilutions 
are cultured and the colonies counted. Multiplying the number of colonies by the 
dilution factor gives the microbial population count in the sample. 
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DNA-based methods 
While various DNA-based methods exist for characterizing the microbiota, the 
main method currently used is 16S rRNA gene sequencing. This relies on the 
fact that the 16S subunit of the bacterial ribosome is highly conserved in 
bacteria, with only small variations in the 16S rRNA-gene within a genus or 
species, but with some variable gene regions that vary between bacterial 
genera and families. Sequencing of these variable regions of 16S rRNA genes 
in microbiota samples is carried out according to the following steps: 

1) Firstly, DNA is extracted from the microbiota samples, and various 
commercial kits are available to do this. This entails rupture of the cell wall. 
As the Gram-positives have a much thicker and more sturdy cell wall than the 
Gram-negatives, it is much easier to extract DNA from the latter (7). Then, 
with the help of primers which bind to the desired variable region(s) of the 
16S rRNA gene, copies of 16S rRNA gene fragments belonging to the many 
different types of bacteria in each sample are created using polymerase chain 
reaction (PCR). 

2) Next, the DNA code of these copied gene fragments is sequenced 
(thousands of unique 16S rRNA gene fragments are sequenced 
simultaneously). One common sequencing method is called Illumina 
sequencing. In this method, the copied gene fragments generated above are 
separated and each attached to a specially-adapted surface in a reaction 
vessel called a flow cell and further copies of each fragment are made. Then 
in another PCR step, fluorescently-labelled nucleotides are added, which 
attach to the complementary nucleotides on the gene fragments to make 
new gene fragment copies containing only labelled nucleotides. Each 
nucleotide has a different colour fluorescent label, and laser excitation of 
these labels generates fluorescent light flashes showing which nucleotides 
have been added and in what order. 

3) Bioinformatics processing of the information from these light signals 
generates the DNA sequences of the 16S rRNA gene fragments in the original 
microbiota samples. These sequences are then compared to reference 
libraries of known 16S rRNA gene sequences for various bacterial groups, 
generating a catalogue of the bacteria in the microbiota samples. 
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Comparison of culture and DNA-based methods 
Despite the great advantage of DNA-based methods in allowing much of the 
bacterial diversity in the human microbiota to be detected, they also have 
some important limitations in comparison to culture methods, and conversely 
culture methods also have important limitations (Table 1). Firstly, while 
culture identifies only living microbes, 16S rRNA gene sequencing does not 
discriminate between living and dead cells. This may overestimate the 
proportions of certain bacterial groups in a sample, since the true population 
only corresponds to living cells. Further, when using culture methods, it is 
easy to include some media for the culture of yeasts, which are also part of 
the microbiota. 16S rRNA gene sequencing only detects bacteria, and 
additional methods, e.g. sequencing of the fungal 18S rRNA-gene, are needed 
to cover yeasts. Also, the taxonomic resolution available with 16S rRNA gene 
sequencing is limited by natural variation in the 16S rRNA gene, meaning that 
bacteria are, in the best case scenario, identified at the genus but not the 
species level. Often, the family level is used, and sometimes even higher 
taxonomic levels. In contrast, culture methods readily allow identification of 
certain clinically-relevant bacteria at the species level, e.g. S. aureus, which in 
16SrRNA gene sequencing cannot be distinguished from S. epidermidis and 
other members of the Staphylococcus genus, collectively referred to as 
coagulase-negative staphylococci, which have very little in common with S. 
aureus in terms of pathogenicity and effects on the immune system. Another 
example is the highly pathogenic pneumococci that are interwoven within the 
viridans streptococci which they are related to and share similar 16S rRNA 
genes, but the pneumococci possess a capsule and several other virulence 
factors that makes it highly pathogenic. Along the same lines, Escherichia and 
Shigella are genetically identical, except for collections of virulence factors 
that makes Shigella a very dangerous pathogen. 

With 16S rRNA gene sequencing, factors other than the detection of both live 
and dead bacteria may also introduce bias which lead to certain bacterial 
groups being either over- or under-represented in the resulting 
characterization of the microbiota. When extracting DNA from microbiota 
samples, more DNA is often obtained from Gram-negative than Gram-
positive bacteria, as the latter have a thick cell wall which is less easily broken 
open, meaning that the proportions of various Gram-positive bacteria may be 



Infant microbiota and short chain fatty acids 

 

DNA-based methods 
While various DNA-based methods exist for characterizing the microbiota, the 
main method currently used is 16S rRNA gene sequencing. This relies on the 
fact that the 16S subunit of the bacterial ribosome is highly conserved in 
bacteria, with only small variations in the 16S rRNA-gene within a genus or 
species, but with some variable gene regions that vary between bacterial 
genera and families. Sequencing of these variable regions of 16S rRNA genes 
in microbiota samples is carried out according to the following steps: 

1) Firstly, DNA is extracted from the microbiota samples, and various 
commercial kits are available to do this. This entails rupture of the cell wall. 
As the Gram-positives have a much thicker and more sturdy cell wall than the 
Gram-negatives, it is much easier to extract DNA from the latter (7). Then, 
with the help of primers which bind to the desired variable region(s) of the 
16S rRNA gene, copies of 16S rRNA gene fragments belonging to the many 
different types of bacteria in each sample are created using polymerase chain 
reaction (PCR). 

2) Next, the DNA code of these copied gene fragments is sequenced 
(thousands of unique 16S rRNA gene fragments are sequenced 
simultaneously). One common sequencing method is called Illumina 
sequencing. In this method, the copied gene fragments generated above are 
separated and each attached to a specially-adapted surface in a reaction 
vessel called a flow cell and further copies of each fragment are made. Then 
in another PCR step, fluorescently-labelled nucleotides are added, which 
attach to the complementary nucleotides on the gene fragments to make 
new gene fragment copies containing only labelled nucleotides. Each 
nucleotide has a different colour fluorescent label, and laser excitation of 
these labels generates fluorescent light flashes showing which nucleotides 
have been added and in what order. 

3) Bioinformatics processing of the information from these light signals 
generates the DNA sequences of the 16S rRNA gene fragments in the original 
microbiota samples. These sequences are then compared to reference 
libraries of known 16S rRNA gene sequences for various bacterial groups, 
generating a catalogue of the bacteria in the microbiota samples. 

Monica Gio-Batta 

9 

Comparison of culture and DNA-based methods 
Despite the great advantage of DNA-based methods in allowing much of the 
bacterial diversity in the human microbiota to be detected, they also have 
some important limitations in comparison to culture methods, and conversely 
culture methods also have important limitations (Table 1). Firstly, while 
culture identifies only living microbes, 16S rRNA gene sequencing does not 
discriminate between living and dead cells. This may overestimate the 
proportions of certain bacterial groups in a sample, since the true population 
only corresponds to living cells. Further, when using culture methods, it is 
easy to include some media for the culture of yeasts, which are also part of 
the microbiota. 16S rRNA gene sequencing only detects bacteria, and 
additional methods, e.g. sequencing of the fungal 18S rRNA-gene, are needed 
to cover yeasts. Also, the taxonomic resolution available with 16S rRNA gene 
sequencing is limited by natural variation in the 16S rRNA gene, meaning that 
bacteria are, in the best case scenario, identified at the genus but not the 
species level. Often, the family level is used, and sometimes even higher 
taxonomic levels. In contrast, culture methods readily allow identification of 
certain clinically-relevant bacteria at the species level, e.g. S. aureus, which in 
16SrRNA gene sequencing cannot be distinguished from S. epidermidis and 
other members of the Staphylococcus genus, collectively referred to as 
coagulase-negative staphylococci, which have very little in common with S. 
aureus in terms of pathogenicity and effects on the immune system. Another 
example is the highly pathogenic pneumococci that are interwoven within the 
viridans streptococci which they are related to and share similar 16S rRNA 
genes, but the pneumococci possess a capsule and several other virulence 
factors that makes it highly pathogenic. Along the same lines, Escherichia and 
Shigella are genetically identical, except for collections of virulence factors 
that makes Shigella a very dangerous pathogen. 

With 16S rRNA gene sequencing, factors other than the detection of both live 
and dead bacteria may also introduce bias which lead to certain bacterial 
groups being either over- or under-represented in the resulting 
characterization of the microbiota. When extracting DNA from microbiota 
samples, more DNA is often obtained from Gram-negative than Gram-
positive bacteria, as the latter have a thick cell wall which is less easily broken 
open, meaning that the proportions of various Gram-positive bacteria may be 



Infant microbiota and short chain fatty acids 

 

 

Table 1: Comparison of bacterial culture and 16S rRNA gene sequencing.  

 Culture 16S rRNA gene sequencing 

Microbes detected Facultative bacteria and a 
proportion of the 
anaerobes. Selective 
media may allow 
detection of less abundant 
bacteria. Also yeasts are 
detected. 

Theoretically all bacteria. 
Detection of low abundance 
bacteria limited by sampling 
depth. Yeasts are not 
detected. 

Taxonomic 
resolution 

Species level. Several 
methods are available for 
identification to the 
species level. 

Mostly genus level. 
Sometimes family level. 
(Species level possible with 
metagenome sequencing). 

Estimation of 
bacterial 
proportions and 
population counts 

Population counts of 
bacteria can be 
determined based on live 
microbes. Limited to 
culturable microbes. May 
be biased by culture and 
media limitations. 

Population counts cannot be 
determined, quantification is 
proportion of 16S rRNA genes 
in population of unknown size. 
Live and dead bacteria 
detected. Biased by less 
efficient DNA extraction from 
Gram-positive bacteria and 
primers which do not bind 
equally well to all bacteria. 
Also biased by varying 
numbers of the 16S rRNA gene 
in different bacteria. 

Quantification Population counts based 
on living microbes 

Proportion of 16S rRNA genes 
in population of unknown size, 
gene copy number varies 
between genera and species 

Microbial 
characterization 

Microbes may be isolated 
and physiology 
investigated 

Bacteria not isolated, 
knowledge of bacterial 
function may be inferred from 
metagenomic studies 

 

under-estimated. Also, although the primers which bind to the variable 
region(s) of the 16S rRNA gene are supposedly ‘universal’, meaning they are 
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effective for all kinds of bacteria, in fact they bind less well to some bacterial 
groups (eg. bifidobacteria) than others. Furthermore, the most abundant 
bacteria in the microbiota are most heavily sampled, and therefore 
depending on the sampling depth bacteria present at low abundance may be 
missed. One should recognize that the colonic microbiota contains microbes 
present at 105 CFU/g and others at 1011, a million-fold difference. This means 
that after a million reads of species A, one read of species B will appear. As 
we discussed above, facultatives usually have population levels that are 1000 
to 100,000 times lower than those of the anaerobes, and facultatives are the 
most relevant in terms of pathogenicity, one cannot ignore “low-abundance” 
populations in a complex ecosystem. 

Another drawback with 16S rRNA gene sequencing is that it provides 
information on the proportion of 16S rRNA genes attributed to each bacterial 
group in microbiota samples but is not able to quantify the overall population 
size. As the microbial load of healthy adults can vary up to tenfold between 
individuals, this creates artefacts linked to the proportional nature of the data 
(8). Also, different bacterial genera, and different strains within the same 
genus, have widely varying numbers of the 16S rRNA gene, meaning the 
proportions of each genus may not be directly comparable within individuals 
and/or between groups. Furthermore, while many more different bacteria 
are detected by 16S rRNA sequencing or DNA-based methods than by culture, 
which is a great advantage of the former methods, knowledge on the function 
of these uncultured bacteria, and therefore their relevance to health and 
disease, is limited to what can be inferred from their genome. The number of 
different bacteria identified by culture may be greatly increased by the 
culturomics approach (9). However, this approach is limited to specialized 
laboratories with extended culturing facilities. 

Microbiota on different body surfaces 
The different parts of the body differ greatly in the conditions for enabling 
microbes to establish and replicate, and the number and type of microbes 
which flourish in these locations also varies profoundly (Figure 4). As the skin 
is dry and exposed to the external environment, is relatively inhospitable for 
microbes. On the other hand, the mucous membranes inside the body are 
protected, moist and rich in nutrients, often providing attractive locations for 
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detected. Biased by less 
efficient DNA extraction from 
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primers which do not bind 
equally well to all bacteria. 
Also biased by varying 
numbers of the 16S rRNA gene 
in different bacteria. 
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Bacteria not isolated, 
knowledge of bacterial 
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under-estimated. Also, although the primers which bind to the variable 
region(s) of the 16S rRNA gene are supposedly ‘universal’, meaning they are 
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effective for all kinds of bacteria, in fact they bind less well to some bacterial 
groups (eg. bifidobacteria) than others. Furthermore, the most abundant 
bacteria in the microbiota are most heavily sampled, and therefore 
depending on the sampling depth bacteria present at low abundance may be 
missed. One should recognize that the colonic microbiota contains microbes 
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that after a million reads of species A, one read of species B will appear. As 
we discussed above, facultatives usually have population levels that are 1000 
to 100,000 times lower than those of the anaerobes, and facultatives are the 
most relevant in terms of pathogenicity, one cannot ignore “low-abundance” 
populations in a complex ecosystem. 
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information on the proportion of 16S rRNA genes attributed to each bacterial 
group in microbiota samples but is not able to quantify the overall population 
size. As the microbial load of healthy adults can vary up to tenfold between 
individuals, this creates artefacts linked to the proportional nature of the data 
(8). Also, different bacterial genera, and different strains within the same 
genus, have widely varying numbers of the 16S rRNA gene, meaning the 
proportions of each genus may not be directly comparable within individuals 
and/or between groups. Furthermore, while many more different bacteria 
are detected by 16S rRNA sequencing or DNA-based methods than by culture, 
which is a great advantage of the former methods, knowledge on the function 
of these uncultured bacteria, and therefore their relevance to health and 
disease, is limited to what can be inferred from their genome. The number of 
different bacteria identified by culture may be greatly increased by the 
culturomics approach (9). However, this approach is limited to specialized 
laboratories with extended culturing facilities. 

Microbiota on different body surfaces 
The different parts of the body differ greatly in the conditions for enabling 
microbes to establish and replicate, and the number and type of microbes 
which flourish in these locations also varies profoundly (Figure 4). As the skin 
is dry and exposed to the external environment, is relatively inhospitable for 
microbes. On the other hand, the mucous membranes inside the body are 
protected, moist and rich in nutrients, often providing attractive locations for 
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microbes, and the mucosae of the gastrointestinal tract, upper respiratory 
tract and vagina all harbour their own unique microbiota. However, the 
mucosae of the lower respiratory tract and lungs, middle ear and sinuses are 
normally sterile, as are the mucosae of the uterus and most parts of the 
urinary tract. 

 

Figure 4: Bacterial density at different body sites 

 

Alimentary tract 
Most commensal bacteria are found in the alimentary tract, with density and 
composition varying from the mouth and along the gastro-intestinal tract. 

Mouth 
The mouth contains 108-1010 bacteria per milliliter of saliva and provides a 
variety of habitats to microbial communities including tooth surfaces, tooth 
pockets, gum, cheek and tongue. Saliva contains a mixture of bacteria from 
all these sources, and streptococci such as S. mitis dominate, with Veillonella, 
Prevotella, Haemophilus, Gemella and Actinomyces also being common 
colonizers (Table 2). Of these, Haemophilus is abundant in the cheek and 
Actinomyces and Prevotella on the gums, above and below the gum line 
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respectively (10, 11). As 5-10 L of saliva are swallowed every day comprising 
some 1011-1015 bacteria in total, the bacterial in saliva seed the rest of the 
gastrointestinal tract. The stomach kills 99% of the swallowed bacteria, but 
this process is less efficient in people taking proton pump inhibitors or with 
an autoimmune elimination of the acid-producing cells (atrophic gastritis).  

Stomach 
The highly acidic stomach contains few microbes with only  ̴10 living cells per 
gram of content, reflecting the efficiency by which stomach acid kills microbes 
(bacteria, fungi and enveloped viruses), with only naked viruses being 
resistant. Although some species have a resident microbiota in the stomach 
(e.g. lactobacilli in the mouse), only a single microbe, Helicobacter pylori is 
known to be able to colonize the human stomach. However, the stomach may 
contain a substantial number of dead bacteria, from swallowed saliva. These 
will not be detected by bacterial culture, but may be detected by DNA-based 
methods which cannot distinguish between live and dead microbes, giving a 
false impression of organisms other than H. pylori colonizing the stomach 
(12). 

Small intestine 
The small intestine is also relatively sparsely populated, with around 103 
bacteria per milliliter of content near the exit from the stomach rising to 
around 105-108 bacteria per milliliter near the ileocaecal valve (13). As the 
stomach contents enter the duodenum, few bacteria have survived and the 
rapid peristalsis does not permit bacteria to replicate fast enough to form 
large populations. Digestive enzymes and bile acids released from the 
pancreas and liver are added to the contents and antimicrobial peptides are 
released by the epithelia, which collectively may limit the chances for 
bacterial growth. Despite these challenges there are bacteria present, and 
biopsies show a mucosa-associated microbiota dominated by streptococci, 
Neisseria and Sutterella, with Veillonella, Gemella, Actinomyces, Rothia and 
Haemophilus also present, similar to the oral flora (14, 15). However, whether 
these bacteria are resident colonizers or represent transient oral bacteria 
remains to be determined. In the distal small intestine, obligately anaerobic 
bacterial groups abundant in the colon such as Bacteroides and clostridia are 
found near the ileocaecal valve, where the contents are more stagnant and 
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hence more anaerobic as oxygen is consumed by replicating facultative 
bacteria (13). 

Table 2: Key bacterial taxa in the microbiota at different body sites 

Phylum Class Genus Facultative/ 
anaerobic 

Gram 

Gut (colon)     
Firmicutes Bacilli Enterococcus Facultative + 
  Lactobacillus Anaerobic + 
 Clostridia Clostridium Anaerobic + 
  Eubacterum Anaerobic + 
  Ruminococcus Anaerobic + 
  Faecalibacterium Anaerobic + 
  Coprococcus Anaerobic + 
 Negativicutes Veillonella Anaerobic - 
  Megasphaera Anaerobic - 
Bacteroidetes Bacteroidetes Bacteroides Anaerobic - 
  Prevotella Anaerobic - 
Actinobacteria Actinobacteria Bifidobacterium Anaerobic + 
 Coriobacteriia Collinsella Anaerobic + 
 Coriobacteriia Eggerthella Anaerobic + 
Proteobacteria γ -Proteobacteria Escherichia Facultative - 
  Klebsiella Facultative - 
  Enterobacter Facultative - 
Verrucomicrobiota Verrucomicrobiae Akkermansia Anaerobic - 
Mouth     
Firmicutes Bacilli Streptococcus Facultative + 
  Gemella Facultative + 
 Negativicutes Veillonella Anaerobic - 
Bacteroidetes Bacteroidetes Prevotella Anaerobic - 
Actinobacteria Actinobacteria Actinomyces Facultative + 
Proteobacteria γ-Proteobacteria Haemophilus Facultative - 
Skin     
Firmicutes Bacilli Staphylococcus Facultative + 
  Streptococcus Facultative + 
Actinobacteria Actinobacteria Corynebacterium Facultative + 
  Propionibacterium Anaerobic + 
  Cutbacterium Anaerobic + 
  Micrococcus Facultative + 
  Brevibacterium Facultative + 
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Colon 
The largest mass of commensal microbes are found in the colon, where 
bacteria make up over half of the fecal mass and are present at a density of 
1011 bacteria per gram (13). The colonic contents are stagnant and permit 
replication, and there is abundant food supply. The adult gut (colonic) 
microbiota is completely dominated by obligate anaerobic bacteria (Table 2). 
Anaerobic Firmicutes such as Faecalibacterium, Eubacterium and 
Ruminococcus species make up around half the total abundance, and 
Bacteroides make up around a quarter. Other anaerobes such as 
Bifidobacterium, Collinsella, Eggerthella, Lactobacillus and Akkermansia are 
also abundant. Methane-forming archaea are the main group of archaea in 
the microbiota, of which Methanobrevibacter smithii are the most prevalent, 
making up between 1-10% of the gut microbiota (16, 17). Facultative 
anaerobes, mainly enterococci and members of the Enterobacteriaceae 
family, represent less than 1% of the total bacteria, and yeasts are detected 
at low abundance in around a third of people (13, 18, 19). Different habitats 
also exist within the colon and while many different species are found in the 
lumen, a more limited range reside in the mucus layer, eg. B. fragilis, F. 
prausnitzii and A. mucinilphila (20, 21). Also, gut microbiota composition 
varies with geography, and Prevotella is often observed in place of 
Bacteroides in adults from non-industrialized countries (22).  

Skin 
The skin is a much less hospitable environment to microbes than the 
mucosae, being dry, relatively cool, slightly acidic and salty. However, some 
skin environments are more favourable to microbes than others and 
microbial colonization of the skin varies depending on location, ranging from 
around 103 bacteria per square milimeter on drier areas to 106-107 bacteria 
per square milimeter in the armpit. The main bacterial colonizers on the skin 
(Table 2) are Staphylococcus (e.g. S. epidermidis, S. capitis, S. hominis, S. 
haemolyticus and S. aureus), Streptococcus (e.g. S. mitis, S. oralis), 
Corynebacterium (e.g. C. tuberculostearicum), and Cutibacterium (e.g. C. 
acnes), along with genera such as Propionibacterium, Micrococcus and 
Brevibacterium. Yeasts such as Malassezia are also often present (10, 23, 24) 
and Candida in low counts. 
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Development of the microbiota in infancy 
The microbiota establishes on the mucous membranes and skin in early life 
(25). Typically, the first major encounter with the microbial world occurs at 
birth, when the fetal membranes are ruptured and the infant passes either 
through the birth canal, or through a surgical incision and into an operating 
theater in the case of caesarian delivery. The initial colonization involves the 
bacteria encountered during or immediately after birth, and is quite 
homogenous across body sites, i.e. the same bacterial species are detected 
on different mucosal sites and on the skin (26, 27). However, only some of 
these bacteria are able to survive, and within a few weeks, bacterial species 
compatible with the specific niches at different body sites have colonized the 
mucous membranes and skin (27). Over the next few years, bacterial 
colonization proceeds in a sequential manner until highly diversified site-
specific microbiota are established. In the gut, the mature microbiota may 
contain hundreds of different bacterial species, somewhat fewer species 
make up the mature oral microbiota, and less species-rich bacterial 
communities reside in the upper airways and on the skin.  

Infant microbiota at different body sites 

Mouth 
The newborn’s mouth is often colonized within hours after birth, with one or 
a few bacterial species, and colonization proceeds quite rapidly (28) (Figure 
5). Initially Streptococcus (S. mitis and S. salivarius) and Gemella haemolysans 
colonize the soft tissues of the oral mucosa and are detected in most 
neonates (28), and coagulase-negative staphylococci are also early colonizers. 
Within a few weeks anaerobic bacteria such as Veillonella, Lactobacillus and 
certain species of Actinomyces and Prevotella may be isolated from the 
infant’s mouth, mostly from the crypts of the tongue. By 2-3 months of age, 
Rothia mucilaginosa, Haemophilus parainfluenzae and Campylobacter 
concisus also form part of the core oral microbiota (28). Once an infant’s teeth 
come in, the mouth is colonized by bacteria able to live on their surface. These 
include facultatives such as Streptococcus mutans, S. sanguinis and S. 
sobrinus, and anaerobes such as Prevotella nigrescens, P. pallens and P. 
intermedia, certain Actinomyces species, Leptotrichia and 
Peptostreptococcus, among others. However, streptococci are characteristic 
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of the oral microbiota from infancy through to adulthood, due to their ability 
to metabolize sugars in the diet and also their production of surface adhesins 
which allow them to bind to other bacterial species and form adherent 
polymicrobial biofilms on teeth surfaces (27, 28). 

 

 

Gut 
Normally, the infant is born sterile, unless the fetal membranes rupture 
prematurely allowing ascending bacteria from the perineum to 
colonize/infect the fetus/infant. In-utero, waste products from intestinal 
secretions, sloughed intestinal cells and ingested amniotic fluid collect in the 
gut and form meconium, which is excreted as the infant’s first faeces within 
the first few days after birth. Meconium may contain bacteria when it is 

Figure 5: Development of the oral microbiota in early life. The first bacteria to 
colonize the infant’s mouth are facultatively anaerobic bacteria (black) such 
streptococci and staphylococci. Then follow anaerobic bacteria (blue). Among the 
early anaerobes are various species of Bifidobacterium, Bacteroides and Clostridium. 
Anaerobes which colonize later include different groups of strictly anaerobic 
Firmicutes and also Akkermansia, and diversity increases up to around 3 years of 
age. 
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excreted (27), which reflects exposure to bacteria during and immediately 
after delivery (29), and not exposure to bacteria in-utero as sometimes 
suggested (27). 

Consistent with being a newly colonized habitat, the infant’s gut microbiota 
is initially a much less complex ecosystem than that of an adult, with lower 
diversity and also greater differences between individuals (22, 30) (Table 3). 
At birth, the neonatal gut is an aerobic environment, and the first bacteria to 
establish are facultative anaerobes, including Gram-positives such as 
coagulase-negative staphylococci and enterococci, and Gram-negatives such 
as Escherichia coli, Klebsiella and other Enterobacteriaceae (13, 27, 30-32). 
Staphylococcus aureus is also a common early gut colonizer (33). 
Consumption of oxygen within the intestine by facultative anaerobes rapidly 
creates an increasingly anaerobic environment more suitable for anaerobic 
bacteria, which appear in succession, starting with the relatively aerotolerant 
ones such as bifidobacteria which are typically the dominant bacterial genus 
at around 3-6 months of age (34). Bacteroides and certain Clostridium species 
are also common in the early period, the latter because they are spore-
formers and clostridial spores are found everywhere, even in hospital milieus 
(31). 

 
Table 3: Differences between the infant and adult gut microbiota 

 Infant Adult 
Diversity (richness) Lower, increases over time Higher 
Interpersonal variation Higher Lower 
Facultative:anaerobe 
ratio 

Higher (1:1.5 in newborns), 
decreases over time 

Lower (1:200) 

Composition Sequenced progression, 
from initial abundance of 
facultatives to an adult-like 
composition 

Anaerobic Firmicutes and 
Bacteroidetes dominate 
stably over time 

 

Over the next months levels of Bacteroides increase and populations of 
strictly anaerobic Firmicutes, especially those from the families 
Lachnospiraceae and Ruminococcaceae, begin to expand. During the toddler 
years, diversity continues to increase and levels of these groups continue to 
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rise. By 3 years of age they are dominant in the gut microbiota, and 
Akkermansia is also quite abundant, bringing the child’s gut microbiota close 
to an adult composition (13, 31, 34-36) (Figure 6). It should be noted however 
that the majority of studies on gut microbiota development take place in 
industrialized countries and there is some variation with geography, for 
example with Prevotella often substituting for Bacteroides in children from 
non-industrialized countries (37, 38). 

 

 

Figure 6: Development of the gut microbiota in early life. The first bacteria to colonize 
the infant’s gut are facultatively anaerobic bacteria (shown in black) such as E. coli, 
enterococci and staphylococci. Then follow anaerobic bacteria (shown in blue). 
Among the early anaerobes are, for example, various species of Bifidobacterium, 
Bacteroides and Clostridium. Anaerobes which colonize later include different groups 
of strictly anaerobic Firmicutes and also Akkermansia, and diversity increases up to 
around 3 years of age. 

 
As mentioned briefly above, the most well-characterized temporal effect in 
gut microbiota development is that the colonic microbiota becomes more and 
more anaerobic during infancy, as more and more strict anaerobes settle and 
change the environment in turn. The more the microbiota develops, the more 
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to an adult composition (13, 31, 34-36) (Figure 6). It should be noted however 
that the majority of studies on gut microbiota development take place in 
industrialized countries and there is some variation with geography, for 
example with Prevotella often substituting for Bacteroides in children from 
non-industrialized countries (37, 38). 

 

 

Figure 6: Development of the gut microbiota in early life. The first bacteria to colonize 
the infant’s gut are facultatively anaerobic bacteria (shown in black) such as E. coli, 
enterococci and staphylococci. Then follow anaerobic bacteria (shown in blue). 
Among the early anaerobes are, for example, various species of Bifidobacterium, 
Bacteroides and Clostridium. Anaerobes which colonize later include different groups 
of strictly anaerobic Firmicutes and also Akkermansia, and diversity increases up to 
around 3 years of age. 

 
As mentioned briefly above, the most well-characterized temporal effect in 
gut microbiota development is that the colonic microbiota becomes more and 
more anaerobic during infancy, as more and more strict anaerobes settle and 
change the environment in turn. The more the microbiota develops, the more 
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hostile it becomes to newcomers and also to facultatives, whose population 
sizes contract. Hence, the ratio of facultatives to anaerobes decreases from 
roughly 1:1.5 in newborn infants to 1:200 in adults (39), as evaluated by 
bacterial culture, and probably the ratio is considerably higher when also 
considering the many anaerobic species which cannot be cultured. Different 
facultatives differ in their ability to withstand the milieu created by the 
maturing colonic ecosystem. For example, E. coli is better at that than 
Klebsiella and therefore E. coli persists into adulthood, while Klebsiella mostly 
colonize small children (13). The gut population counts of staphylococci, 
which are poorly adapted to living in the colon, decrease much more and 
more rapidly than the population counts of E. coli (33). 

The developmental trajectory of the gut microbiota during infancy and early 
childhood is often referred to as its maturation. The increasing anaerobic 
character, as measured by the ratio of anaerobes to facultatives, is one 
measure of microbiota maturity. Also, random forests machine learning 
algorithms of overall microbiota composition at different ages have been 
used to generate models of ‘microbial age’. These can be applied to new gut 
microbiota samples to determine their ‘estimated microbial age’, which 
provides a measure of microbiota maturity in relation to a chosen reference 
population (40). 

Skin 
The skin represents an infant’s largest interface with its new environment 
during and after delivery and harbors culturable levels of bacteria within 
minutes of birth (41). During the first 6 months there is considerable 
fluctuation in the skin microbiota, but a more stable composition establishes 
by 6-12 months of age (41). Up to around 6 months, staphylococci and 
streptococci are abundant and represent up to 40% of the skin microbiota 
(42). Among staphylococci, S. epidermidis, S. haemolyticus and S. hominis 
predominate, and S. aureus is also detected (43). During the first year, 25 
different genera make up 80-85% of total bacterial abundance on average 
(42). Cutibacterium acnes is widespread (44) and micrococci such as M. luteus 
are also quite common (43). In one study, anaerobes such as Finegoldia, 
Clostridium and Bacteroides were found on the skin of the buttocks, as 
determined by 16S rRNA sequencing (42). However, this likely represented 
dead faecal bacteria. Similar to adults, most infants are colonized by yeasts, 
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with Malassezia restricta and Candida albicans the most common species (45, 
46). 

With time, there is some variation in the skin microbiota across different body 
locations. For example, as the skin on the infant’s forehead becomes more 
sebaceous, a differentiated skin microbiota develops there (41). In one study, 
the skin microbiota of 6 weeks old infants was shown to have a quite similar 
composition to that of their mothers´ skin, indicating that close physical 
contacts contribute to skin microbiota development (27).  

Sequenced microbiota development 
The infant microbiota is an ecological community whose development is 
governed by general processes which also apply to other ecological contexts 
(47). From birth onwards, the infant is seeded by new taxa which arrive 
through various exposures in early life, and these taxa reproduce or die at 
different rates according to their fitness to the niche they are seeded into and 
their response to selection pressures such as host genetics and immune 
response (Figure 7). 

 

Figure 7: Microbiota development in relation to exposures and selection factors. Only 
some of the microbes to which the infant is exposed can establish in infant’s 
microbiota. The local microenvironment varies considerably around the body with 
respect to levels of moisture, acid, salt, nutrients and so on, giving rise to different 
microbiota composition at different body sites. Other selection factors such as host 
genetics, immune response, diet and exposure to antibiotics also determine which 
microbes establish and thrive.  
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Especially in the gut, the infant microbiota develops according to an ordered 
sequence. This can be attributed to the fact that children themselves also 
undergo sequenced development, from being neonates to older infants, 
toddlers and young children, with different nutrient intakes and 
environmental exposures at each developmental stage. It also reflects the 
inherent nature of ecosystem development, in which early colonizers modify 
the environment and thereby create a habitat suitable for later colonizers. In 
the case of the gut microbiota, this occurs through factors such as the 
progressive decline in oxygen levels encouraging further growth of 
increasingly oxygen-sensitive obligate anaerobes, provision of nutrients for 
microbial cross-feeding relationships, and many others. In addition, 
community development is influenced by priority effects, where the order 
and timing with which different taxa arrive determine how they affect one 
another (47-49). 

A detailed understanding of these phenomena may offer the potential to 
steer the developmental trajectory of the infant microbiota. At present, 
however, they remain incompletely understood. Current knowledge on the 
origins of microbes colonizing the infant and the selection factors determining 
which taxa thrive is discussed more fully below (Figure 8). 

How does the infant get the microbiota? 
Seeding of microbes at delivery 
Vaginally delivered infants receive a body-wide inoculation of microbes at 
birth, during passage through the birth canal. Exposure may include not only 
vaginal, but also gut bacteria, since gut microbes may reside in the perianal 
area, and defecation during labour may also occur. Indeed, most maternally-
transmitted species which persist in the infant’s gut come from the mother’s 
fecal flora, likely due to their capacity to survive in the gut environment. To a 
lesser extent, microbes from other maternal sources, such as Veillonella 
parvula resident in the mother’s mouth, also persist in the infant’s gut (26, 
50). 

Microbes acquired from the mother during a vaginal delivery and which have 
been shown to persist in the gut beyond the neonatal period include E. coli  
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Figure 8: Factors affecting microbiota development in infants. Normally the in-utero 
environment is sterile, then during vaginal delivery the infant is exposed to the 
mother’s vaginal and gut microbes. After delivery, the infant’s diet, social contacts 
and physical environment affect their colonization by microbes. 

 
(51) and Bifidobacterium species such as B. breve and B. longum subspecies 
infantis, which are able to metabolize human milk oligosaccharides. 
Bacteroides species such as B. fragilis, B. dorei, B. thetaiotamicron, B. vulgatus 
and B. uniformis are also transmitted and these are either able to metabolize 
human milk oligosaccharides, or are generalist feeders which are also 
abundant in the adult gut microbiota (50). E. coli strains of maternal origin are 
several times more likely to persist in the infant gut than other E. coli strains 
(52). Likewise, maternally transmitted strains of Bifidobacterium and 
Bacteroides show high stability in the infant gut, with 94% and 81% of strains 
still observable after one year respectively (53). However, bifidobacteria are 
likely quite easily acquired after delivery, and also from other individuals than 
the mother. In an early study, the bifidobacterial colonization pattern differed 
between different maternity wards, suggesting spread of these bacteria 
within the ward (54). 

Infants born by caesarian section do not receive an initial inoculation of 
microbes from their mother’s fecal and vaginal flora, and their acquisition of 
Bacteroides, Bifidobacterium and E. coli in the gut microbiota is delayed. In 
industrialized countries, it may take up to a year for Bacteroides and half a 
year for E. coli to attain the same abundance as in their vaginally-born 
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counterparts, while bifidobacterial colonization catches up earlier. In non-
industrialized countries, infants delivered by caesarean section acquire the 
above bacteria almost as fast as vaginally delivered infants, reflecting higher 
levels of fecal bacteria circulating in the environment (13, 51-53). In the 
absence of initial colonization (and suppression of potential pathogens) by 
Bacteroides and Bifidobacterium, clostridia including C. difficile and 
Enterobacteriaceae such as Klebsiella and Enterobacter proliferate in the gut 
of caesarian-born infants (13) (Table 4). 

 
Table 4: Bacterial genera which are more common in the gut microbiota of infants 
delivered either vaginally or by caesarian section. 

Vaginal Come from Caesarian Come from 
E. coli Mothers’ gut microbiota, 

other people and animals 
Klebsiella, 
Enterobacter 

Other children, 
food, surroundings 

Bacteroides Mothers’ gut microbiota, 
other people and animals 

Clostridium Surroundings, food, 
other people 

Bifidobacterium Mothers’ gut microbiota, 
other people 

  

 

 

Diet 
Consumption of breast milk or formula also influence the infant gut 
microbiota. Although lactobacilli in general are similarly abundant in the gut 
of breast- and formula-fed infants, one species, L. rhamnosus, seems to be 
favoured by breast-feeding, and staphylococci also tend to be more 
numerous in breastfed infants. Conversely, clostridia including C. difficile, 
Bacteroides (B. fragilis), enterococci and Enterobacteriaceae, especially 
Klebsiella and Enterobacter, tend to be more common in formula-fed infants 
(13, 55). Higher levels of streptococci and Veillonella are also observed in the 
latter group (30). While it is often believed that levels of bifidobacteria are 
higher in breast-fed infants, this is in fact not the case (13). Longer duration 
of breastfeeding is associated with lower gut microbiota diversity, and 
continued breastfeeding has a greater effect on the microbiota than 
introduction of solid food at around 6-12 months of age (34, 56). Probably, 
despite the influx of new bacteria with the new foods, the ability of the 
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lactoferrin and other defense factors consumed in breast milk to suppress 
growth of many bacteria exerts a more powerful effect (57). On cessation of 
breastfeeding, levels of many bacteria in the Lachnospiraceae family increase 
(56). 

Social contacts with people and animals 
Common environmental exposures are known to affect the microbiota within 
families (22, 58, 59). The skin microbiota of the parents is a source of S. aureus 
strains that persistently colonize the gut, possibly originating from the mother 
during breastfeeding when the infant may swallow skin bacteria from around 
the nipple, or from either of the parents during general care (33, 60). The role 
of fathers as sources for bacteria colonizing neonates has been poorly 
studied, but most likely, after delivery, they may be just as important sources 
as the mothers, if they contribute to a similar extent in the care of their 
infants. Members of the oral microbiota may also be transferred from parents 
to infants, e.g. by cleaning pacifiers with their mouths (61) and premastication 
of food (62) or kissing (58). 

Other family members may also act as a source of colonizing microbes, and 
having elder siblings is associated with microbiota development in both the 
gut and the airways, especially during the first year. Infants with elder siblings 
have a more diverse gut microbiota containing higher abundance of 
bifidobacteria and lower abundance of Clostridium and Enterobacteriaceae 
other than E. coli in the first month, and a higher ratio of strict/facultative 
anaerobes, higher abundance of Prevotella and lower abundance of 
Escherichia, other Enterobacteriaceae and Veillonella at one year of age (31, 
63). In the airways, infants with elder siblings have higher abundance of 
Moraxella and Neisseria, but lower abundance of staphylococci. In addition, 
the age gap to the closest elder sibling has a greater effect than the total 
number of elder siblings, possibly because of closer physical relationships and 
lower levels of hygiene during the early years (63). 

Other people may also transfer microbes to the infant. In hospital wards, for 
example, enterococci, E. coli, Klebsiella, Enterobacter and C. difficile are 
transferred between infants by staff (13). 
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Day care 
Once children begin day care, they become exposed to many unrelated 
children in a location outside of the family home for substantial periods of 
time. This expansion of the infant’s microbial environment affects microbiota 
composition, with children attending day care having a more mature gut 
microbiota than children of the same age cared for at home, with higher 
diversity and species richness (64, 65). 

Pets 
Household pets bring their own microbes and also microbes from the 
surrounding environment into the family home, where they contribute to the 
indoor microbiota and colonize the skin of family members (59). 
Unsurprisingly, living with pets may also affect the gut microbiota of infants 
in the household (66, 67). This probably occurs through the infant’s direct 
contact with pets, as well as through ingestion of pet-derived microbes from 
the surroundings and their own skin. 

Physical environment 
Microbes are abundant in the environment. Clostridial spores for instance are 
ubiquitous while Enterobacteriaceae other than E. coli and lactobacilli are 
commonly found in food and in natural environments. It has been shown that 
the microbes present in certain physical environments affect patterns of 
microbial colonization. For instance, higher circulating levels of enteric 
bacteria probably explain the fact that infants in Pakistan are colonized earlier 
by E. coli and have higher turnover of this organism in their gut than Swedish 
infants (52, 68). In general, infants living in less industrialized countries are 
also colonized earlier by other Enterobacteriaceae, enterococci, lactobacilli 
and eubacteria, although the specific source of these bacteria is not known, 
while coagulase-negative staphylococci, S. aureus and C. difficile are more 
common in infants in industrialized countries such as Sweden. The latter three 
bacteria proliferate poorly in a mature gut microbiota. 

Farm living 
Farms represent a physical environment of particular interest, as children 
growing up on traditional farms have low rates of allergic diseases (69, 70). 
Specific exposures known to protect against allergy include contact with farm 
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animals and consumption of unpasteurized milk (71, 72), while lower intake 
of margarine and vegetable oils and higher intake of full-fat dairy products in 
infants growing up on farms does not appear to affect allergy risk (73). 
Although the mechanisms by which farm-related exposures confer protection 
from allergies are not well understood, farms also represent rich microbial 
environments (72-74). Farm barns harbor high levels of microbial 
components such as endotoxin, as do farm houses compared to other rural 
or urban homes (75-77), and children living on farms are exposed to a wider 
range of microbes than other children (78). Consistent with the microbial 
exposure hypothesis, a more farm-like dust composition in non-farm homes 
is associated with lower risk of children developing asthma (79). Also, infants 
growing up on farms have a higher ‘estimated microbial age’ of their gut 
microbiota at one year of age, suggesting a higher microbiota maturity (40). 

What does the microbiota do? 
The human microbiota contributes to disease and also to some aspects of 
health (Figure 9). Among the negative effects is that it provides a reservoir for 
bacteria and fungi that may cause local or invasive infections, that it 
contributes to inflammation, and that it can harbour antibiotic resistant 
strains of bacteria and provide a niche for exchange of resistance genes (80). 
On the positive side, commensal bacteria may provide resistance to 
colonization and infection by more pathogenic bacteria, a phenomenon 
termed “colonization resistance”. Further, the constant presence of bacteria 
and their products, and the turn-over of bacterial strains, provides a constant 
stimulus for the immune system, which may be of importance for its 
maturation during a critical window of development. 
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Figure 9: Effects of the microbiota on the body. The microbiota has both positive and 
negative effects. On the positive side, the microbiota provides resistance to 
colonization to pathogenic microbes and stimulation of the immune system, and on 
the negative side it contains microbes which may give rise to infection and 
inflammation, and also represents a reservoir of antibiotic-resistant strains and genes. 

 

A reservoir for microbes causing infection 
Commensal bacteria are often described as “good” and “harmless” 
inhabitants of the body. However, the great majority of all invasive infections 
are caused by bacteria from our own commensal microbiota, e.g. soft tissue 
infections, urinary tract infection, septicaemia, etc... Thus, most pathogens 
are also commensal bacteria that under certain conditions will cause disease. 
Examples are E. coli, S. aureus and pneumococci that can cause disease also 
in people with a well-functioning physical barriers and immune system. In 
addition, many commensal bacteria that are incapable of causing disease in 
otherwise healthy individuals, including coagulase-negative staphylococci, 
alpha-streptococci and bifidobacteria, can cause severe infections in people 
with a compromised or underdeveloped immune system, such as people on 
immunosuppressive drugs or premature infants who have not yet acquired 
full immune competence. The obligate anaerobes constituting the bulk of the 
gut microbiota do, however, very seldom cause infections, simply because 
they do not survive in the blood stream or tissues because of the too high 
oxygen content. 
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Colonization resistance against pathogens 
A key function of the microbiota is helping prevent colonization by pathogenic 
microbes. In adults, the total surface area of the human body including the 
gastrointestinal tract, lungs and skin is over 100m2, presenting a large area for 
potential pathogen invasion (81). The microbiota provides an additional layer 
of defence, which occurs by commensal bacteria (1) physically occupying 
available space, (2) competing for available food sources, and (3) producing 
toxic substances such as SCFAs and sulfur compounds to inhibit growth of 
pathogens. A striking illustration of this so-called colonization resistance 
comes from the use of fecal microbiota transplants for infection caused by 
overgrowth of Clostridioides difficile in the gut. In this procedure, 
administration of a healthy fecal microbiota into the patient’s colon 
suppresses populations of C. difficile and cures the infection with high efficacy 
(82). 

Regulation of the immune system 
The microbiota is a potent regulator of immune system development and 
immune responses. This can be clearly seen in germ-free mice, who have 
underdeveloped lymphoid tissue with fewer Peyer’s patches and lymphoid 
follicles in the gut wall, lower IgG and IgA concentrations in serum, fewer IgA-
producing plasma cells and fewer CD4+, CD8+ and CD4+CD25+ T-cells in the 
gut wall (83, 84). Germfree animals have a more short-lived tolerance to 
ingested antigens (oral tolerance) (85-89) and their regulatory T cells have 
lower functional capacity than those of conventional animals (90). 

Effect on metabolism 
The colonic microbiota contains more than a kilogram of living cells producing 
different metabolites that can be of benefit or harm to the host (91). For 
example, the gut microbiota is the source of vitamin K (92) and germfree 
animals have to be supplemented with this vitamin. Also, gut bacteria break 
down complex polysaccharides such as dietary fiber which are indigestible to 
humans, forming various metabolites including short-chain fatty acids 
(SCFAs), which the body uses for energy and other purposes. Most 
polyphenols from fruits and vegetables are also relatively indigestible to 
humans and are likewise metabolized by gut microbes (92). The importance 
of the microbiota in extracting energy from our food can again be illustrated 
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in germ-free mice, who gain significant amounts of body fat after being 
colonized with a microbiota (93). It should also be noted that, as well as 
breaking down our undigested food, bacteria metabolize sloughed epithelial 
cells and mucus generated by the gastrointestinal tract. It has been estimated 
that 250 g of epithelial cells and about 10 L of mucus, of which 5-10% is solids, 
are shed daily into the lumen (72). 

Besides those metabolites already mentioned, gut microbes also produce 
tryptophan and indole derivatives, choline metabolites, neurotransmitters, 
lipids and gases, and also modify the bile acids secreted by the liver via the 
gall bladder (91). As well as being produced directly from source substrates, 
metabolites may also be generated through secondary metabolic networks. 
For example, the archaea Methanobrevi smithii consumes hydrogen and CO2 
or formic acid generated by the bacterial metabolism of carbohydrates to 
produce methane (17).  

Short chain fatty acids 
What are SCFAs? 
Short-chain fatty acids (SCFAs) are small molecules produced by bacteria in 
the gastrointestinal tract, some of which are also produced endogenously in 
the body. Structurally they are straight or branched-chain monocarboxylic 
acids with a chain length of up to six carbons, as shown in Figure 10 below. 
Although not formally classified as SCFAs, succinic and lactic acid are similar 
small molecule bacterial metabolites. Succinic acid has two carboxy groups 
(see Figure 10), while lactic acid is similar to propionic acid except with a 
hydroxy group on the second carbon atom. The acid dissociation constant 
(pKa) of SCFAs ranges from 3.7 for formic acid to 4.9 for caproic acid. As this 
is significantly below physiological and intestinal pH (7.4 and 6.4-7.5 
respectively (94)), SCFAs mostly exist in the dissociated form in the human 
body. Hence, they are often called by the name of their respective ions, e.g. 
formate, proprionate, succinate, valerate and so forth. SCFAs may be either 
straight-chain, e.g. acetic, proprionic and butyric acid, or branched, e.g. 
isobutyric and isovaleric acid, with the prefix ‘iso‘ denoting a branched 
structure.  
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Figure 10: Chemical structure of short-chain fatty acids and succinic acid 

 

Microbial production of SCFAs 
Microbial production of SCFAs occurs in the colon through anaerobic 
fermentation of complex carbohydrates indigestible to humans, and also by 
the fermentation of intestinal mucous and sloughed epithelial cells, which 
contain both carbohydrate and proteins (95, 96). In infants, human milk 
oligosaccharides represent a source of complex carbohydrates and 
oligosaccharides are also added to some infant formulas (97, 98). At older 
ages, complex carbohydrates in the diet come from dietary fibre, with soluble 
fibre generating higher quantities of SCFAs than insoluble fibre (95, 99). In 
aerobic conditions, access to sufficient oxygen allows facultative bacteria to 
break down food sources to carbon dioxide and water, exactly like ourselves. 

Short-chain fatty acids are produced via various biosynthesis pathways which 
are differentially represented in different bacterial groups. Therefore, 
production of the various SCFAs is dependent on both the composition of the 
diet and which bacteria are present in the gut (95, 100, 101). Many different 
bacterial groups produce acetate, while biosynthesis of the other SCFAs is 
more specific to certain bacteria (100, 101). Considering abundant bacterial 
groups in the gut (Table 5), bifidobacteria produce formic, acetic and also 
lactic acid from fermentation of complex carbohydrates (102). Bacteroides 
produce formic, acetic and propionic acid, with succinic acid generated as an 
intermediate in the biosynthesis of propionic acid (101, 102), and Firmicutes 
from the Negativicutes class such as Veillonella and Dialister also produce 
propionic acid (101). Clostridial bacteria such as Faecalibacterium prausnizii, 
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Eubacterium rectale, Eubacterium hallii and Ruminococcus bromii (101) are 
the main producers of butyric acid, and valeric and caproic acid (also known 
as pentanoic and hexanoic acid) are also produced by anaerobic Firmicutes 
(103-107). As mentioned above, other substrates besides complex 
carbohydrates are fermented to produce SCFAs. Intestinal mucous is 
metabolized by Akkermansia mucinilphila to produce acetic and propionic 
acid (108), amino acids are fermented by clostridia and peptostreptococci 
among various other groups to produce the branched SCFA isobutyric, 
isovaleric and isocaproic acid (96, 109) and fermentation of lysine by an 
Intestinimonas strain can produce butyric acid (110). 

 
Table 5: Major SCFA fermentation products of common gut microbes. 

Phylum Genus SCFA used SCFA produced 
Actinobacteria Bifidobacteria  Formic, acetic, (lactic) 
 Collinsella  Acetic, (lactic) 
Bacteroidetes Bacteroides  Formic, acetic, 

propionic, (succinic) 
 Prevotella  Acetic, propionic, 

(succinic) 
Firmicutes Eubacterium Acetic, (lactic) Formic, butyric, (lactic) 
 Roseburia Acetic Formic, butyric, (lactic) 
 Anaerostipes Acetic, (lactic) Butyric 
 Coprococcus Acetic, (lactic) Butyric 
 Blautia  Acetic, (succinic) 
 Faecalibacterium Acetic Formic, butyric, (lactic) 
 Ruminococcus  Acetic, butyric 
 Veillonella  Propionic 
Verrucomicrobiota Akkermansia  Acetic, propionic 

 

“Cross-feeding” 
Furthermore, production of some SCFAs involves cross-feeding pathways 
which consume SCFAs already generated by other bacteria in the gut. One 
biosynthesis route to produce butyric acid uses acetic acid as a substrate, 
while another uses lactic acid. These relationships help explain the 
successional colonization of the infant gut by acetic and lactic acid-generating 
bifidobacteria, followed by butyric acid-producing bacteria from clostridial 
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clusters IV and XIV (111-113). Valeric and caproic acid are generated by 
addition of a two-carbon unit from acetyl-CoA to propionic acid and butyric 
acid respectively (105, 106). Of note, isobutyric, valeric and/or isobutyric acid 
are required for growth of bacteria including Bacteroides succinogenes, 
Ruminococcus flavefaciens and R. albus (114), while acetic, propionic and 
butyric acid (but not formic acid) promote growth of Bifidobacterium 
adolescentis (115). 

Dietary SCFAs 
As well as being produced by the gut microbiota, SCFAs may be consumed in 
certain foods. For example, dairy products such cow’s milk and butter contain 
SCFAs (116), while vinegar is dilute acetic acid and may be consumed directly 
or in various pickled and preserved foodstuffs. Ingested SCFAs are absorbed 
in the upper gastrointestinal tract. Also, alcohol is metabolized into 
acetaldehyde which is then converted into acetate. 

SCFAs around the body 
The highest SCFA levels in the body are found in the colon. Here, 
concentrations are ≥100mmol/kg in the caecum declining somewhat to reach 
80 mmol/kg in the descending colon. SCFA concentration appears to be a 
main driver of colonic acidity, with pH correspondingly rising from 5.7 in the 
ascending colon to 6.6 in the descending colon. Not considering formic acid, 
which is not typically included in studies of SCFAs, acetic acid is the most 
abundant SCFA, followed by propionic and butyric acid in approximately 
equal amounts. Small quantities of longer and branched SCFA are also 
present, as are small quantities of succinic and lactic acid. SCFA 
concentrations in the rectal area are similar to those in the mid-colon and also 
those in feces, supporting the measurement of SCFA levels in feces as a proxy 
for colonic levels. In contrast, the SCFA concentration in the small intestine is 
much lower at <1 mmol/kg in the jejeunum, rising to   1̴0 mmol/kg in the ileum 
(117, 118). 

SCFA are taken up from the colonic content primarily by active transport, via 
the monocarboxylate transporter 1 (MCT-1) or by a lesser extent via the 
sodium-coupled monocarboxylate transporter 1 (SMCT-1). They may also be 
taken up passively by epithelial cells (95). 
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After absorption from the gastrointestinal tract SCFAs pass rapidly through 
the body. In rodents, they reach the liver, kidneys, heart and brain within 5 
minutes (119) and the skin within 45 minutes (120). However, the majority of 
absorbed SCFAs are used by the colonic epithelial cells for energy (especially 
butyric acid) and by the liver for production of glucose (propionic acid). 
Another smaller portion are taken up by peripheral tissues, as shown by a 
progressive drop in acetic acid concentration between the hepatic vein, 
forearm arterial blood and forearm venous blood (113, 117). In peripheral 
blood, SCFA concentrations are around 80 µmol/L, most of which is acetic acid 
(117, 121). (Note that the colonic concentrations are in millimole/L, which is 
approximately 1000 times higher than in the serum). In lactating mothers, 
short-chain fatty acids are also found in breast milk at concentrations of 190 
µmol/L, with butyric acid the most abundant (122). 

Endogenous SCFAs  
Short-chain fatty acids are also endogenous to the human body, i.e. produced 
by ourselves. Formic acid derives from the endogenous metabolism of serine 
and other nutrients (123, 124), and succinic acid is a key intermediate in the 
tricarboxylic cycle (125), with blood levels increased by physical exercise 
(126). Acetyl coenzyme A (acetyl-CoA) is a central molecule in metabolism, 
and acetate is taken up from circulation and released through the actions of 
acetyl-CoA synthetase and hydrolase (127-130). Endogenous SCFAs therefore 
also contribute to circulating levels of SCFAs. 

Functions of SCFAs 
Short-chain fatty acids exert a multitude of effects on many body systems 
(131). As our interest is the potential of SCFAs to prevent allergic diseases, the 
effects of SCFAs on the immune system are discussed here. The immune 
system is made up of three lines of defence, consisting of physical barriers, an 
innate response and a specific adaptive response, and the role of SCFAs in 
each line of defence is outlined below. 

Effect on barriers 
With respect to physical barriers, in the gastrointestinal tract SCFAs promote 
epithelial tissue integrity and barrier function by providing energy for 
epithelial cells, regulating cell proliferation and differentiation, upregulating 
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various structural and tight junction proteins, and generating correct 
intestinal morphology. They also increase the production of mucus (132-136). 
For example, in a study where intestinal tissues of mice were damaged by 
radiation, oral administration of valeric acid was able to largely reverse this 
damage. Part of this reversal was due to upregulation by valeric acid of the 
structural protein keratin, which plays a significant role in epithelial integrity 
in the intestine (132). Also, in a mouse model of atopic dermatitis, orally 
administered butyric acid reached the skin within 45 minutes of ingestion 
(120) leading to reduced breach of the skin barrier, followed by less allergen 
ingress, sensitization and skin inflammation. This was likely due to the ability 
of SCFAs to upregulate differentiation of keratinocytes and production of 
several structural proteins (eg. filaggrin) and lipids (eg. ceramides), and 
increasing the thickness of the stratum corneum, the outer protective layer 
of the epidermis (120, 137, 138). 

Effect on other bacteria 
SCFA produced by anaerobic bacteria may contribute to the suppressed 
growth of facultative organisms such as Staphylococcus aureus and members 
of the Enterobacteriaceae family in the gut microbiota, while permitting the 
growth of commensal anaerobes such as bifidobacteria and lactobacilli (139, 
140). 

Effect on inflammation 
Microbes that succeed in entering across the mucosal barrier are swiftly 
eliminated by macrophages and other cellular and soluble component of the 
innate immune system, collectively causing an inflammatory response. SCFAs 
regulate many cells of the innate immune system including neutrophils, 
macrophages, natural killer cells, eosinophils, basophils, and innate 
lymphocyte subsets (ILCs) (141, 142). G-protein-coupled receptors (GPR) are 
transmembrane receptors, and there are many types of these receptors 
expressed on many different cell types. In the case of innate immune cells 
(Table 6), GPR43 is expressed on neutrophil granulocytes, and its activation 
can trigger chemotactic recruitment to an inflammatory site. Also, GPR109a 
is expressed on colonic macrophages and dendritic cells, as well as colonic 
epithelial cells, and its activation promotes differentiation of regulatory T cells 
(Tregs) (143). 
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epithelial cells, regulating cell proliferation and differentiation, upregulating 
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various structural and tight junction proteins, and generating correct 
intestinal morphology. They also increase the production of mucus (132-136). 
For example, in a study where intestinal tissues of mice were damaged by 
radiation, oral administration of valeric acid was able to largely reverse this 
damage. Part of this reversal was due to upregulation by valeric acid of the 
structural protein keratin, which plays a significant role in epithelial integrity 
in the intestine (132). Also, in a mouse model of atopic dermatitis, orally 
administered butyric acid reached the skin within 45 minutes of ingestion 
(120) leading to reduced breach of the skin barrier, followed by less allergen 
ingress, sensitization and skin inflammation. This was likely due to the ability 
of SCFAs to upregulate differentiation of keratinocytes and production of 
several structural proteins (eg. filaggrin) and lipids (eg. ceramides), and 
increasing the thickness of the stratum corneum, the outer protective layer 
of the epidermis (120, 137, 138). 

Effect on other bacteria 
SCFA produced by anaerobic bacteria may contribute to the suppressed 
growth of facultative organisms such as Staphylococcus aureus and members 
of the Enterobacteriaceae family in the gut microbiota, while permitting the 
growth of commensal anaerobes such as bifidobacteria and lactobacilli (139, 
140). 

Effect on inflammation 
Microbes that succeed in entering across the mucosal barrier are swiftly 
eliminated by macrophages and other cellular and soluble component of the 
innate immune system, collectively causing an inflammatory response. SCFAs 
regulate many cells of the innate immune system including neutrophils, 
macrophages, natural killer cells, eosinophils, basophils, and innate 
lymphocyte subsets (ILCs) (141, 142). G-protein-coupled receptors (GPR) are 
transmembrane receptors, and there are many types of these receptors 
expressed on many different cell types. In the case of innate immune cells 
(Table 6), GPR43 is expressed on neutrophil granulocytes, and its activation 
can trigger chemotactic recruitment to an inflammatory site. Also, GPR109a 
is expressed on colonic macrophages and dendritic cells, as well as colonic 
epithelial cells, and its activation promotes differentiation of regulatory T cells 
(Tregs) (143). 
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Table 6: Effects of SCFAs on innate immune cells via G-protein-coupled receptors 

Cell type Effect Receptor SCFA 

Neutrophil 
granulocytes 

Activate chemotactic 
recruitment to 
inflammatory site 

GPR43 Propionic = butyric 
>> acetic 

Colonic macrophages 
and dendritic cells 
(also colonic 
epithelial cells) 

Induce production of 
Tregs 

GPR109a Butyric 

 

Effects on the adaptive immune system 
The third line of defence involves a specific response by T-cells and B-cells, 
and SCFAs also regulate these functions (141, 142). Notably, SCFAs act on 
macrophages and dendritic cells to promote maturation of naïve T cells into 
of FoxP3+ regulatory T-cells (Tregs) (141, 144-146). For example, oral 
administration of butyric (but not valeric) acid increases the number of 
mucosal Tregs in mice (147). Furthermore, valeric acid increases IL-10 
production and reduces IL-17 expression in Th17 cells and inhibits generation 
of Th17 cells in the small intestine of mice (147). Some experiments have 
shown that SCFAs also regulate B-cell responses (142), for example by 
stimulating production of IL-10 by regulatory B-cells (141, 147), reducing 
serum IgE levels (148) and inhibiting IgE-mediated and also non-IgE-mediated 
mast cell degranulation. 

Mechanistically, SCFAs act (i) via epigenetic pathways, as histone deacetylase 
inhibitors and substrates for histone acetylase transferases, (ii) through 
signaling as ligands for G protein-coupled receptors expressed on many body 
cells and tissues, and (iii) as modulators of cellular metabolism, providing 
acetyl-CoA units to fuel the Krebs cycle and for fatty acid synthesis, and 
boosting glycolysis (95, 111, 138, 147, 149). Overall, SCFAs act on multiple 
aspects of the immune system to promote an anti-inflammatory, tolerogenic 
phenotype. 

Monica Gio-Batta 

37 

Allergy 
Allergy was once a very rare disease but now affects almost everyone, at least 
in countries with an affluent Western lifestyle and good sanitary conditions. 
One hypothesis to explain this is that changes in the normal microbiota may 
play a role in the “allergy epidemic”. This thesis examines some aspects of the 
normal microbiota and its links to the risk of developing allergy or, conversely, 
staying healthy. 

What is allergy? 
Allergy means immune-mediated hypersensitivity, i.e. the allergic individual 
has an immune reaction to harmless substances in the environment that 
normally evoke no reaction, which results in symptoms in the individual. 

Several different immune reactions may result in allergy. In atopic, or IgE-
mediated allergy, the symptoms are caused by immune reactions mediated 
by IgE antibodies. The allergic individual produces IgE antibodies to common 
proteins in the environment, such as those found in pollens, foods, insect 
venoms or animal dander. Production of IgE antibodies to a harmless protein 
is termed sensitization and can be measured either by detecting specific IgE 
antibodies in the blood, or by a skin prick test, where the suspected allergen 
is injected into the skin. If the person has IgE antibodies to the allergen which 
are bound to mast cells in the dermis, the allergen will bind to these 
antibodies resulting in activation of the mast cell and release mediators that 
cause leakage of the blood vessels, resulting in a small blister. Sensitization is 
a prerequisite for the allergic reaction, but many individuals are sensitized 
without being allergic and a person may be sensitized to many different 
allergens, but only have allergic symptoms when encountering one or two of 
them. Naturally, a person may also have a negative test for sensitization but 
still be allergic, e.g. if antibodies are produced more locally in the gut and not 
being present on skin mast cells, etc… 

IgE-mediated allergic symptoms can affect many organs (skin, airways, gastro-
intestinal tract) with symptoms such as rash, urticaria, swelling of the tissues 
in the oral region and neck, a congested and runny nose (“hay fever”) usually 
combined with running eyes, wheezing and difficulty to express the air from 
the airways (asthma), vomiting and diarrhea and, in the worst cases, a 
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systemic reaction termed anaphylaxis, characterized by low blood pressure 
and systemic vasodilatation that may be fatal. 

The term atopy was coined in the 1920s long before IgE was discovered in the 
1960s and was based on the observation that certain diseases – atopic 
diseases – tended to occur in the same individual or among members of the 
same family. Today, atopy is often used as a synonym to IgE-mediated 
allergies, including asthma and allergic rhino-conjunctivitis (hay fever). Atopic 
dermatitis (or atopic eczema) also counts among the atopic diseases, despite 
the fact that specific IgE antibodies to known allergens are usually not 
detected, although high levels of total IgE in the blood serum, without known 
specificity, is a common finding. Food allergies are immune mediated 
hypersensitivity to foods, that may be mediated by IgE or other less well-
defined immune reactions (T cells and/or IgG). IgE-mediated food allergy 
usually produces symptoms of rapid onset, while non-IgE mediated food 
allergy often has a slower course with symptoms appearing over days. IgE-
mediated food allergy is connected to the other atopic diseases, such that IgE-
mediated food allergy to cow’s milk may occur in the first years and then 
disappear, but then be replaced with another atopic disease, e.g. asthma or 
hay fever. 

The phenomenon that allergic diseases may replace one another as the child 
ages, from atopic dermatitis and food allergy in infancy to asthma and allergic 
rhino-conjunctivitis later in childhood is termed “the atopic march” (150). 
Although the phenomenon is well known, its background is not known. 

In this thesis, the terms atopy/atopic disease and IgE-mediated allergy will be 
used as synonyms. If not specified, “allergy” refers to IgE-mediated allergy. 

The IgE-mediated allergic reaction 
Allergic reactions are triggered when an allergen, for example a food or pollen 
protein, is absorbed intact across a mucosa and reacts with IgE antibodies 
specific for this protein on the surface of a mast cell situated in the mucosa. 
Binding of the allergen to at least two mast cell-bound IgE antibodies leads to 
release of the granules containing histamine, proteases and 
glycosaminoglycans such as heparin. Histamine causes vasodilatation and 
increased blood vessel permeability. Cross-linking of IgE by the allergen also 
induces production of mast cell leukotrienes that have the same function as 
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histamine but with prolonged action (151). Lastly, prostaglandin D2, unique 
to mast cells and cytokines from mast cells, macrophages and T cells, together 
recruit eosinophilic granulocytes and Th2 cells from the blood vessels into the 
tissue. In the airway and intestines, increased production and release of 
mucous occurs and the bronchial musculature contracts. 

Sensitization 
Sensitization means producing an immune response that may lead to allergy. 
In atopic allergy, this means production of IgE antibodies to one or several 
allergens, which are in almost all cases proteins. This takes place in lymph 
nodes to which the allergen is carried via the lymph and/or in antigen-
presenting cells. Naïve T-cells and B cells with specificity for the allergen 
become activated and expand clonally. The Th2 cytokines IL-4 and IL-13 are 
of key importance to promote maturation of the naïve B-cell into an IgE-
producing plasma cell. IgE reaches the mast cells via the blood and binds with 
high affinity to the mast cell surface via Fce receptors, where they are ready 
to react with their specific allergen if it enters into the mucosa. As mentioned 
previously, many people are sensitized to a particular antigen but do not 
experience allergic symptoms when they encounter the allergen and 
therefore do not have an allergic disease. 

The epidemiology of allergy  
Allergic diseases affect over a billion people worldwide (152) and as they 
typically manifest early in life, children are particularly affected. According to 
the latest International Study of Asthma and Allergies in Childhood (ISAAC) 
survey, 9% of children age 6-7 globally have eczema, 12% have asthma and 
9% have rhino-conjunctivitis, while at 13-14 years of age these figures are 7%, 
14% and 15% respectively (153). Patients with allergic diseases have a 
reduced quality of life, and asthma alone causes 250,000 deaths annually 
(152). In addition, there is a considerable economic cost from utilization of 
healthcare services as well as lost school and work days (152, 154). 

The hygiene hypothesis 
The dramatic rise in rates of allergic disease over a relatively short period of 
time cannot be explained by genetic factors alone and must therefore be 
related to factors in the environment which have changed over the same 
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period. The British epidemiologist David Strachan put forward the hygiene 
hypothesis in 1989, based on the observation that allergy was not only more 
common in children of affluent families, but also in only children or first-born 
children rather than children with many elder siblings. Strachan proposed 
that common to large and poor families was the constant spread of childhood 
infections. He also proposed that in some manner, these early childhood 
infections would educate the immune system in a manner that allergies 
would be avoided in the future (155, 156). The next important piece of 
evidence was produced by the Italian immunologist Paolo Matricardi who 
investigated serological evidence of childhood infections in Italian recruits 
and related this to whether they had hay fever or not. He found that 
antibodies against hepatitis A, a virus spread via the fecal-oral route and 
therefore a marker for lower hygienic standards, was associated with reduced 
rate of hay fever and asthma. Later on, he showed that also antibodies to 
Toxoplasma gondii and Helicobacter pylori, a parasite and a bacterium also 
spread under unsanitary conditions, were both linked to reduced risk of 
having hay fever, while antibodies to viruses transmitted through other 
routes were unrelated to protection against allergy (157-159). He concluded 
that exposure to microbes via the oral route was more protective than 
respiratory diseases in shaping the immune system in a manner that would 
prevent allergy. 

Based on the findings that Swedish infants were much later colonized by 
common gut microbes than Pakistani infants (160) and also had a much 
slower turn-over of E. coli strains in the gut microbiota (52, 68), Wold 
proposed that a meager gut microbiota could be the cause of the allergy 
epidemic of Western countries (161). It is still not known which type of 
microbial stimulation that is needed to shape the infant’s immune system in 
a manner preventing it to react excessively to harmless substances in the 
environment. 

Oral tolerance 
The reason why some people become sensitized and allergic to perfectly 
harmless proteins to which we are all exposed, most of us without becoming 
sensitized or having symptoms, is still not clear. The normal response to 
proteins that are ingested or inhaled is tolerance, termed oral (or mucosal 
tolerance) (Figure 11). This reaction was described already in 1911 by Wells 
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who found that guinea pigs could not be made hypersensitive and 
anaphylactic to a protein, if they had been fed on this protein as pups (162). 
Oral tolerance was demonstrated in humans in 1986 (163). Oral tolerance is 
upheld via antigen-specific regulatory T cells (T regs). They, in turn, are 
induced from naïve T cells by encounter with a special DC subset, the CD103+ 
dendritic cell. Strong immune activation by feeding superantigen, a bacterial 
T-cell-activating toxin, during early infancy leads to improved capacity to 
become orally tolerant to a new protein (164) and this is related to an 
enhanced functional activity of the CD103+ dendritic cells and an increased 
density of regulatory T cells in the gut lamina propria (165). 

 

 

Figure 11: Tolerance, sensitization and allergy. Most people develop immune 
tolerance to the many harmless substances in our food and surroundings. In some 
people, however, exposure to these substances leads to sensitization. Among these 
people, some do not develop any symptoms and are described as clinically tolerant. 
Others show symptoms when encountering allergen(s) and these people are allergic. 

 

One hypothesis, put forward by Gideon Lack, is that delayed introduction of 
foods into the baby’s diet deprives the infant of the chance of developing oral 
tolerance and instead, the allergen may enter via the skin or airways, routes 
that are much more likely to lead to sensitization rather than allergy. Atopic 
eczema is strongly linked to high risk of a continued atopic march with 
sensitization to more and more allergens and symptoms from other organs. 
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This could be related to the skin barrier being breached by the eczematous 
reaction, enabling allergens to enter via the skin (120, 166). 

Although allergy is by far the most common disease of young and middle-aged 
people in Western countries, we know very little regarding what causes more 
and more people to elicit immune reactions to things that our immune system 
should actively ignore. It is reasonably clear that a paucity of stimulation of 
the developing immune system by microbes plays a central role, but which 
microbes, where and when, is not known. In this thesis, we focus on a 
particular aspect of the microbial environment – the commensal gut 
microbiota and the short chain fatty acids that it produces. 

Preterm infants and their microbiota  
Preterm birth is defined as birth of an infant before 37 weeks of pregnancy, 
as opposed to full-term delivery at approximately 40 weeks. Infants are 
classified according to their degree of prematurity, as moderately preterm 
(32-36 weeks), very preterm (28-32 weeks) and extremely preterm (<28 
weeks). With medical advances the limit of viability has become earlier over 
time, and currently the most preterm infant to survive was born at 21 weeks 
and one day of gestation, weighing just 420 grams. Here we are most 
concerned with extremely preterm infants, who represent the most 
vulnerable group. 

Causes of preterm birth 
The majority of preterm births follow either spontaneous preterm premature 
rupture of membranes or spontaneous preterm labour, with the remainder 
(approximately 30-35%) occurring when early delivery is required due to 
maternal or fetal indications (167). Intrauterine infection is a frequent 
mechanism leading to spontaneous preterm birth, while pre-
eclampsia/eclampsia and intrauterine growth restriction are common 
reasons for indicated preterm delivery (167, 168). There are a multitude of 
risk factors for preterm birth, including pregnancy with twins or multiples, 
conception via assisted reproductive technologies, various maternal 
demographic characteristics such as ethnicity and socioeconomic status, 
nutrition, smoking, stress, periodontal disease and many others (167, 168). 
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Immaturity of the immune system and barriers 
As mentioned above, immune defence against both pathogens and 
commensal microbes is composed of three layers, (i) anatomical, physical and 
chemical barriers to penetration by microbes, (ii) the innate immune system 
which kills microbes but also causes inflammation, and (iii) the acquired 
immune system. Newborn infants, especially those born prematurely, have a 
thin skin and low stomach acid. In the small intestine, Paneth cells, which 
produce large quantities of antimicrobial peptides to kill enteric pathogens, 
do not increase in numbers and become competent until 29 weeks of 
corrected gestational age. Regarding acquired immunity, the newborn infant 
is born without immunological memory. However, the fetus is supplied with 
maternal IgG through a transport system that starts in mid-gestation and a 
full-term baby actually has a higher IgG concentration in the blood than the 
mother. However, premature infants are born before having been filled up 
with IgG and the more premature, the lower their serum IgG level (Figure 12). 
This is considered the major reason for the extreme vulnerability to infection 
of the premature infant. 

Human breast milk contains very little IgG, but massive amounts of secretory 
IgA (SIgA). SIgA is not taken up from the gut but protects the mucosa by 
hindering attachment of microbes and their toxins to the epithelium and 
thereby drastically reducing translocation. As it was shown that bottle-fed 
Swedish babies had substantially higher risk of septicaemia than breast-fed 
infants (169), all Swedish infants born prematurely receive breast milk, either 
their mother’s own milk or banked donor milk. 

Morbidity, mortality and diseases of prematurity 
Complications from preterm birth are the leading cause of death in children 
under five years of age worldwide and account for 18% of the 5.3 million 
deaths in under-fives each year (170). Rates of morbidity and mortality are 
highest in the most preterm infants. In Sweden, where survival of preterm 
infants is higher than in many other industrialized countries, the survival rate 
of live-born infants at 22-26 weeks of gestation is 77% (based on data from 
2014-16), and just 30% in infants born at 22 weeks (171, 172). Around half of 
surviving infants born at 22-26 weeks of gestation experience major neonatal 
morbidities such as necrotizing enterocolitis, severe bronchopulmonary 
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Immaturity of the immune system and barriers 
As mentioned above, immune defence against both pathogens and 
commensal microbes is composed of three layers, (i) anatomical, physical and 
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of live-born infants at 22-26 weeks of gestation is 77% (based on data from 
2014-16), and just 30% in infants born at 22 weeks (171, 172). Around half of 
surviving infants born at 22-26 weeks of gestation experience major neonatal 
morbidities such as necrotizing enterocolitis, severe bronchopulmonary 
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dysplasia or retinopathy of prematurity (172). Late-onset sepsis is another 
common cause of morbidity and mortality in preterm infants (173). 

 

Care of extremely preterm infants 
Preterm infants undergo intensive medical intervention and extremely 
preterm infants spend at least some time in the neonatal intensive care unit. 
Pregnant mothers at risk of preterm birth before 34 weeks of gestation are 
given steroids where possible to help the infant’s immature lungs develop 
more quickly. Even so, many preterm infants experience breathing difficulties 
and need respiratory support in the form of ventilation, continuous positive 
airway pressure (CPAP) and/or supplemental oxygen. As intrauterine 
infections are a common immediate cause of preterm birth, and also because 
preterm premature rupture of membranes can lead to infection, infants are 
often exposed in-utero to antibiotics administered to their mothers. After 
birth, it is also common practice to administer antibiotic prophylaxis to infants 
for the initial period to combat risk of sepsis, as well as further antibiotics in 
the case of infections or surgery, and also antifungals. The skin of preterm 

Figure 12: Blood IgG concentration in pregnancy and infancy. From around 20 weeks 
of gestation IgG is transferred from mother to child via the placenta, until at full-term 
birth the infant’s IgG levels are higher than their mother’s. From birth onwards, the 
infant’s own production of IgG antibodies towards the antigens it encounters 
increases over time, while levels of IgG transferred from the mother decline. 
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infants is delicate and not fully developed, leading to trans-epidermal water 
loss, and the infants are unable to carry out effective thermoregulation, so 
are housed in incubators with controlled environmental conditions (174). 

Initially, extremely preterm infants receive nutrition directly into their blood 
stream (parenteral nutrition) and then transition to receiving milk via a 
feeding tube (enteral nutrition). Depending on the country and hospital, 
enteral nutrition may consist of human breastmilk expressed by the infant’s 
own mother and supplemented when required by milk from donor mothers, 
or infant formula. In Sweden, all preterm infants receive either their own 
mother’s milk or banked milk from donors. Since the HIV epidemic, donor milk 
is pasteurized. Fortifiers, typically derived from cow’s milk, are usually added. 
Once the infant is sufficiently developmentally advanced they may transition 
to direct breastfeeding, typically at 34 weeks of postmenstrual age. Again 
depending on the facility, infants may also receive kangaroo care, where they 
spend prolonged periods outside of their incubator swaddled on the chest of 
their parents, which has many benefits including improved physiological 
stability and relief of pain and stress (175). 

The commensal microbiota in preterm infants 
The gut microbiota of preterm infants shows low diversity and varies 
considerably between individuals. Facultatively anaerobic Firmicutes such as 
staphylococci and enterococci dominate initially, shifting to a dominance of 
proteobacteria and especially Enterobacteriaceae over time. Especially in the 
extremely preterm gut, obligate anaerobic bacteria such as bifidobacteria, 
Bacteroides and Clostridia which are abundant in the early gut microbiota of 
term infants are scarce (48, 176, 177). Key taxa often present in the 
microbiota of the preterm infant gut are shown in Table 6. 

The oral microbiota of very preterm and extremely preterm infants is also 
characterized by facultative anaerobic Firmicutes, eg. Staphylococcus 
epidermidis, Staphylococcs aureus and streptococci, and proteobacteria eg. 
Pseudomonas aerouginosa, Stenotrophomonas, Neisseria, Citrobacter koseri, 
E. coli and Halomonadaceae (176, 178-181). Methicillin-resistant S. aureus 
(MRSA) can be common, and in one hospital colonized the mouth of around 
half of infants by 6 weeks postnatal age (181). However, MRSA is uncommon 
in the Nordic countries, due to energetic surveillance. Increased levels of 
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streptococci are a signature of maturation of the preterm oral microbiota, 
becoming predominant after 32 weeks of corrected gestational age (178). 

 
Table 6: Key bacterial taxa in the preterm infant gut. Adapted from Clinics in 
Perinatology, 44 /2, Underwood MA and Sohn K, The Microbiota of the Extremely 
Preterm Infant, 407-27, Copyright (2017), with permission from Elsevier (170). 

Phylum Class Genus Facultative/ 
anaerobe 

Gram 

Firmicutes Bacilli Staphylococcus Facultative + 
  Streptococcus Facultative + 
  Enterococcus Facultative + 
  Lactobacillus Anaerobic + 
 Clostridia Clostridium Anaerobic + 
 Negativicutes Veillonella Anaerobic - 
 Mollicutes Ureaplasma Facultative - 
Proteobacteria γ-Proteobacteria Klebsiella Facultative - 
  Escherichia Facultative - 
  Proteus Facultative - 
  Serratia Facultative - 
  Enterobacter Facultative - 
  Cronobacter Facultative - 
  Pseudomonas Facultative - 
  Acinetobacter Facultative - 
Bacteroidetes Bacteroidetes Bacteroides Anaerobic - 
Actinobacteria Actinobacteria Bifidobacterium Anaerobic + 
  Propionibacterium Anaerobic + 

 

 
The skin microbiota of preterm infants is dominated by coagulase-negative 
staphylococci, with species such as S. epidermidis, S. capitis, S. hemolyticus 
and S. hominis detected (49, 174, 182). After these Firmicutes, Actinobacteria 
(eg. Corynebacterium), Proteobacteria (eg. E. coli, Enterobacter) and 
Bacteroidetes (eg. Prevotella) are the most abundant phyla (174, 183). When 
compared to term infants, the skin microbiota of very preterm and extremely 
preterm infants in the neonatal intensive care unit (NICU) is less diverse and 
also appears to be relatively homogeneous across the body (183), which 
might be explained by the controlled temperature and humidity within 
incubators creating a consistent whole-body habitat for microbes. In preterm 
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as well as term infants, Malassezia restricta and Candida albicans are the 
most common fungi colonizing the skin (45). 

Origin of the microbiota in preterm infants 
Physiological immaturity in combination with a hospital environment, and 
medical practices including extensive treatment with antibiotics, seem to be 
key drivers of the altered microbiota in preterm infants. The hospital 
environment harbors many potential pathogens, and organisms such as 
staphylococci, enterococci, streptococci, Escherichia, Enterobacter, 
Pseudomonas and Candida albicans are found on NICU surfaces despite 
routine or even intensive cleaning regimes (176). Microbes found on NICU 
surfaces and on the hands of healthcare providers and parents resemble 
those found in the gut of premature infants (184), and the transfer of 
environmental microbes to infants is illustrated by bacteria on incubator 
surfaces, ventilation equipment and sink drains causing infectious outbreaks 
within NICUs (176). Indwelling feeding tubes colonized by 
Enterobacteriaceae, staphylococci, streptococci and other bacteria may also 
seed microbes to the preterm infant (185). As well as the gut, the preterm 
skin microbiota is also affected by the physical environment, as shown by the 
fact it can vary even between different NICU units on the same hospital 
campus (186). 

Antibiotic treatment of term infants is associated with lower abundance of 
obligate anaerobes such as Bacteroides and bifidobacteria and higher 
abundance of proteobacteria in the gut microbiota, and frequent antibiotic 
treatments may contribute to the similar colonization patterns observed in 
the gut microbiota of preterm infants (177, 187). In addition, antibiotic 
treatment of preterm infants may be associated with decreased microbiota 
diversity and increased levels of streptococci and enterococci in the gut 
microbiota, which is also characteristic of the preterm infants, although the 
effects may vary considerably depending on the class of antibiotic and 
treatment regimen (187, 188). Effects of antibiotic treatment on the oral and 
skin microbiota of preterm infants has also been observed (183, 189, 190). 
Other medical practices besides antibiotic treatment may also affect the 
preterm microbiota. Antacid medications, which are commonly given for 
treatment of suspected gastroesophageal reflux, lower stomach acidity and 
can lead to bacterial overgrowth and increased colonization by Candida (191). 
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Respiratory support may induce an aerobic intestinal environment and 
contribute to the lack of gut colonization by obligate anaerobes (192). Also, 
kangaroo care is associated with a skin microbiota containing higher levels of 
typical commensal coagulase-negative staphylococci and lower levels of 
Escherichia (193), and also with an altered oral microbiota (178). 

Delivery mode seems to have a less pronounced effect on the gut microbiota 
in preterm compared to term infants (188). This might be explained by the 
fact that caesarean delivery reduces exposure to the mother’s microbiota and 
thus delays acquisition of anaerobic bacteria in the gut of term infants, 
whereas anaerobes are scarce in general in the most preterm infants, 
independent of delivery mode. In addition, no effect of delivery mode on the 
skin microbiota of preterm infants was noted in a study (183). 

Diseases of prematurity and the microbiota 
Extremely preterm infants are born before body systems such as the 
gastrointestinal tract, lungs and eyes and also immune system are fully 
developed. Even with the best hospital care after preterm birth, so far it is not 
possible to fully replicate the conditions the infant would experience in-utero 
during a normal term pregnancy, leaving the infant vulnerable to the major 
neonatal morbidities mentioned above (page 43). These diseases of 
prematurity may be related at least in part to the altered microbiota of 
preterm infants. 

Necrotizing enterocolitis 
Necrotizing enterocolitis (NEC) is a devastating inflammatory gastrointestinal 
condition which affects 5-10% of preterm infants born at <32 weeks of 
gestation and has a mortality rate of up to 30%. It is characterized by severe 
intestinal inflammation, gas within the intestinal wall and necrosis (194, 195). 
Although the exact pathogenesis of NEC remains unclear, it is believed to arise 
from the immature physiology of the preterm intestine and immune system 
combined with an inflammatogenic gut microbiota. 

As well as the physiological and immune defects described above, toll-like 
receptor 4 (TLR-4), which recognizes lipopolysaccharide in the outer 
membrane of Gram-negative bacteria, is over-expressed on intestinal 
epithelial cells in the preterm gut (176, 177, 195). Studies of germ-free mice 
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have shown that a gut microbiota is required in order to develop NEC, while 
a combination of Paneth cell ablation and inoculation with Klebsiella 
pneumoniae in mouse models induces NEC-like injury (195, 196). In infants, 
NEC is often preceded by an abundance of proteobacteria in the gut, whereas 
high gut microbiota diversity and abundance of bifidobacteria are associated 
with protection from NEC, and certain probiotics are indicated for NEC 
prevention  (176, 197). It may be that low levels of anaerobes in the preterm 
gut allow proliferation of facultatives including proteobacteria (198), which 
infiltrate the intestinal wall and trigger an intense TLR-4-mediated 
inflammatory response, causing NEC. Frequent administration of antacid 
medications to preterm infants for suspected gastroesophagal reflux may also 
contribute to the development of NEC (and sepsis), as these medications 
reduce the production of stomach acid which provides a natural defense 
against the proliferation of facultatives (191). 

Late-onset sepsis 
Neonatal sepsis, defined as a blood infection in the newborn, is a major cause 
of mortality and morbidty in preterm infants, including poor 
neurodevelopmental outcomes. Sepsis is divided into two groups, early- and 
late-onset sepsis. Early onset sepsis occurs within 72 hours of delivery, the 
causal organism being acquired from the mother before or during delivery, 
for example through exposure to chorioamnionitis or by transmission of 
group B streptococci from the vaginal microbiota. Late-onset sepsis occurs 
from 72 hours after delivery and the majority of episodes are caused by 
coagulase-negative staphylococci, although various other Gram-positive and 
Gram-negative bacteria such as enterococci, S. aureus, E. coli and Klebsiella 
may also cause late-onset sepsis. Transfer of coagulase-negative 
staphylococci or other organisms from the skin to the bloodstream via 
indwelling catheters was until recently believed to be a main mechanism 
underlying late-onset sepsis. Causative organisms may also be members of 
the infant gut (and oral) microbiota (199, 200). Especially in Gram-negative 
late-onset sepsis, the bacteria isolated in diagnostic blood culture was 
present in the gut microbiota beforehand (201). Therefore, it is now also 
believed that microbes in the gut can translocate into the bloodstream and 
cause septicaemia, facilitated by the intestinal and immune system 
immaturity described above in relation to NEC. Since translocation also occurs 
from the oral cavity (202), it is likely that oral bacteria may also reach the 
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blood stream by translocation and thereby cause septicaemia in preterm 
neonates. 

Bronchopulmonary dysplasia and retinopathy of prematurity 
Bronchopulmonary dysplasia and retinopathy of prematurity are two other 
diseases affecting preterm infants. Bronchopulmonary dysplasia is a lung 
disease causing long-term breathing difficulties, while retinopathy of 
prematurity involves abnormal growth of blood vessels in the retina which 
may cause blindness. The microbiota has also been implicated in these 
conditions, as decreased concentrations of microbial metabolites (acetic acid) 
in the gut have been associated with increased risk of bronchopulmonary 
dysplasia, and supplementation of acetic acid in a mouse model attenuates 
lung injury (203, 204). Also, retinopathy of prematurity has been associated 
with enrichment of Enterobacteriaceae in the preterm gut (205). 
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Aim 
The overall aims were to: 

1. Describe how the microbiota is established during early life, in 
different settings and in relation to various exposures  

2. Investigate how the levels of individual fecal short chain fatty acids 
(SCFAs) changes with the age of the child and identify factors that 
determine the infant’s plasma levels of SCFAs  

3. Investigate if infant’s microbiota and/or SCFA pattern relate to later 
allergy development  

Specific aims:  

o Identify how the gut microbiota establishes and develops 
over the first 6 months in infants in farming and non-
farming families, in relation to various environmental 
exposures (Paper I) 

o Describe how the faecal SCFA pattern changes with age and compare 
the pattern between infants from farming and non-farming families 
(Paper II) 

o Determine whether the infant’s gut microbiota (Paper I) and fecal 
SCFA pattern (Papers II and III) relate to subsequent allergy 
development 

o Quantify the levels of a broad range of SCFAs in infant plasma at four 
months of age and relate these to those in corresponding samples of 
maternal plasma and breastmilk (Paper IV) 

o Determine whether the SCFA pattern in infant’s plasma at four 
months of age is related to subsequent sensitization and allergy 
development (Paper IV) 

o Identify how the gut, oral and skin microbiota establishes and 
develops over the first 6 weeks in extremely preterm infants in a 
neonatal intensive care unit, in relation to various perinatal 
exposures (Paper V) 
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Aim 
The overall aims were to: 

1. Describe how the microbiota is established during early life, in 
different settings and in relation to various exposures  

2. Investigate how the levels of individual fecal short chain fatty acids 
(SCFAs) changes with the age of the child and identify factors that 
determine the infant’s plasma levels of SCFAs  

3. Investigate if infant’s microbiota and/or SCFA pattern relate to later 
allergy development  

Specific aims:  

o Identify how the gut microbiota establishes and develops 
over the first 6 months in infants in farming and non-
farming families, in relation to various environmental 
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o Quantify the levels of a broad range of SCFAs in infant plasma at four 
months of age and relate these to those in corresponding samples of 
maternal plasma and breastmilk (Paper IV) 

o Determine whether the SCFA pattern in infant’s plasma at four 
months of age is related to subsequent sensitization and allergy 
development (Paper IV) 

o Identify how the gut, oral and skin microbiota establishes and 
develops over the first 6 weeks in extremely preterm infants in a 
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Patients and Methods 

Birth cohort studies 
Samples from children (and in some instances their mothers) from four 
different birth-cohorts were analyzed in the present thesis: The FARMFLORA, 
BAS, NICE and ÖFLORA birth-cohort studies. The essentials of these studies, 
as well as which samples that were used from them are summarized in Table 
1. In three of these birth-cohort, allergy and/or sensitization was diagnosed. 
The criteria used for the different allergy diagnoses in the different studies 
are shown in Table 2. Below, a brief description of the cohorts is given 
including which samples that were analyzed for the present thesis. 

Farmflora (Papers I & II) 
The FARMFLORA birth cohort included 65 children, of whom 28 were raised 
on small family-owned dairy farms in Skaraborg County in South-West 
Sweden and 37 lived in the same rural area but not on farms (206-208). The 
purpose of the study was to describe and analyze, in depth, microbiota-
associated or other factors that could contribute to the strongly protective 
effect against allergy of growing up on small dairy farms. Pregnant mothers 
were recruited in late pregnancy and healthy infants born at term were 
included. Exclusion criteria were coming from dairy farms with infrequent 
animal contact. For the present study, fecal samples collected at 1 week, 1 
month and 6 months of age were analysed (by sequencing of bacterial 16S 
rDNA) for gut microbiota composition (Paper I) and fecal samples collected at 
1 month and 1 and 3 years of age were analyzed for fecal SCFA levels (Paper 
II). Children were clinically examined for allergic diseases at 3 and 8 years of 
age and gut microbiota composition (Paper I) and faecal SCFA pattern (Paper 
II) were related to subsequent allergy development. 

Barn-AllergiStudien (BAS) (Paper III) 
The BAS (BarnAllergiStudien or Pediatric Allergy Study) birth cohort included 
all 1,228 surviving infants at Östersund hospital in northern Sweden during 
one year, from February 1996 to January 1997 (209-211). Children were 
assessed for allergic diseases and undertook skin prick tests against common 
allergens at 1, 4, and 13 years of age. Fecal samples were obtained from 139 
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children at one year of age and analysed for SCFA concentrations (209). For 
statistical purposes, this group was selected to include a higher proportion of 
atopic children than in the whole cohort, and 28 of these children (20%) had 
a positive skin prick test. Data on gestational age at birth, birth weight, 
breastfeeding, siblings, infections and use of antibiotics were collected by 
questionnaire, filled in by the parents. At 13 years of age, allergy was 
diagnosed using a questionnaire on symptoms, treatment and doctors’ 
diagnoses of allergies which was filled in together by the adolescents and 
their parents (N = 834, i.e. 68% of the starting population). The questionnaire 
was modelled on that used the International Study of Asthma and Allergies in 
Childhood study (ISAAC) (212). Further data on parental allergies, siblings and 
pet ownership throughout childhood was also collected in the same 
questionnaire. In addition, adolescents undertook skin prick tests (N=794, i.e. 
65% of the starting population). The population analyzed in this thesis 
included those children who provided a fecal sample in which SCFA levels 
were determined at 1 year of age, and answered the questionnaire and 
underwent a skin prick test at 13 years of age (N = 110). 

NICE (Paper IV) 
The NICE (Nutritional impact on Immunological maturation during Childhood 
in relation to the Environment) birth cohort included 651 children delivered 
at Sunderby Hospital in Northern Sweden. Pregnant women in the hospital 
catchment area were recruited in 2015-2018, and around 10% of all deliveries 
in this area were included in the NICE cohort (213). An analysis of the included 
women, compared to those who did not participate revealed that the 
included women were older, more educated and more often cohabitating 
with their partners than the non-included women (214). Families were 
followed with repeated collection of biological samples and questionnaires 
until the child reached six years of age (215). This included plasma samples 
from infants at 4 months of age, and plasma and breast milk samples were 
collected from mothers at the same time point (Paper IV). Infants were 
clinically examined for allergic diseases at one year of age. The study in Paper 
IV is based on a subgroup of 148 infants who either (i) provided plasma 
samples and also had corresponding mothers’ plasma and breast milk 
samples available, or (ii) provided plasma samples and were diagnosed with 
allergic disease at one year of age. 
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ÖFLORA (Paper V) 
The ÖFLORA birth cohort included 89 neonates born before 28 weeks of 
gestation and admitted directly after birth to the neonatal intensive care unit 
(NICU) at Queen Silvia Children’s Hospital in Gothenburg, Sweden, between 
March 2013 and June 2015. (Of these, 71 were also participating in the Donna 
Mega randomized clinical trial to investigate the effect of parenteral fish oil 
supplementation on retinopathy of prematurity (216)). Infants were followed 
up to 6 weeks of postnatal age or until death or discharge from the NICU. 
Samples for microbial analysis were obtained at intervals from the mouth, 
feces and skin. For a sub-group of 42 infants, these samples were analysed for 
microbiota composition using quantitative culture methods. The subgroup 
was established due to the limited capacity of the research laboratory for 
microbial culturing and identification, and inclusion of an infant was based 
solely on the laboratory capacity at the infant´s date of birth. 

Diagnosis of allergic (atopic) diseases 
The different studies employed partly different criteria for diagnosis of 
different atopic diseases (atopic eczema/dermatitis, food allergy, asthma and 
allergic rhinoconjunctivitis). The different criteria are summarized in Table 2. 

In the FARMFLORA study, all children were evaluated by study pediatricians 
at 18 months and at 3 and 8 years of age and all diagnoses were confirmed by 
a specialist pediatric allergologist. As a support for the diagnosis, specific IgE 
was in some instances measured in venous blood against common food (milk, 
egg, soy, fish, wheat and peanut) and inhalant allergens (birch, timothy grass, 
mugwort, cat, dog, horse and house dust mite). An allergen-specific IgE level 
≥ 0.35 kU/L was considered positive. Skin prick tests were carried out using 
standard allergen extracts (birch, grass, mugwort, cat, dog, horse, rabbit, 
Dermatophagoides pteronyssinus, Dermatophagoides farinae and 
Cladosporium). However, sensitization was not mandatory for an allergy 
diagnosis (Table 2). 

In the BAS study, adolescents (13 years old) were evaluated for atopic 
diseases based on their and/or their parents’ responses to a questionnaire, 
supported by results from a skin prick test when relevant (Table 2). In addition 
to the atopic conditions diagnosed in the other studies, respiratory allergy 
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was diagnosed, i.e. allergic asthma and/or rhinitis, the latter defined as runny 
nose and sneezing upon contact with an airborne allergen during the last 12 
months, together with a positive skin prick test to relevant allergen(s). 

In the NICE study, infants were clinically evaluated at 12 months of age by the 
study pediatrician to diagnose atopic eczema, food allergy, asthma and 
allergic rhino-conjunctivitis, based on the criteria listed in Table 2. Skin prick 
tests were carried out using standard allergen extracts. 

Sampling 
In the Farmflora study, parents collected fecal samples from their children at 
regular intervals and these were transported in gas-tight sachets in which an 
anaerobic atmosphere was generated after sealing (AnaeroGen Compact, 
Oxoid Ltd, Basingstoke, UK) to Gothenburg University, where they were 
stored at -80°C until analysis (Papers I & II). 

In the BAS study, fecal samples were collected by the parents at home, placed 
immediately in a plastic tube and stored at −20◦C, until parents brought the 
samples to the hospital where they were stored frozen until analysis (Paper 
III). 

In the NICE study, venous blood was collected in EDTA tubes from mothers 
and infants at the 4-month postpartum follow-up, and the plasma was 
separated and stored at -80oC until analysis (215). Breast milk was collected 
by mothers at home, with mothers instructed to collect 30 mL of breast milk 
either by hand or with a pump just before feeding their infant in the morning 
and store the milk in their freezer. Mothers then brought the frozen milk to 
the clinic (Paper IV). 

In the ÖFLORA study, the gut microbiota was sampled by either fecal or 
rectal swab samples. When available at the designated sampling time, 
freshly voided feces were collected from the infant’s diaper and placed in a 
sterile tube, which was then placed in a plastic bag in which an anaerobic 
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was diagnosed, i.e. allergic asthma and/or rhinitis, the latter defined as runny 
nose and sneezing upon contact with an airborne allergen during the last 12 
months, together with a positive skin prick test to relevant allergen(s). 

In the NICE study, infants were clinically evaluated at 12 months of age by the 
study pediatrician to diagnose atopic eczema, food allergy, asthma and 
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tests were carried out using standard allergen extracts. 
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regular intervals and these were transported in gas-tight sachets in which an 
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In the NICE study, venous blood was collected in EDTA tubes from mothers 
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separated and stored at -80oC until analysis (215). Breast milk was collected 
by mothers at home, with mothers instructed to collect 30 mL of breast milk 
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and store the milk in their freezer. Mothers then brought the frozen milk to 
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atmosphere was generated after sealing (AnaeroGen Compact, Oxoid ltd, 
Basingstoke, UK). If a fecal sample was not available, a rectal swab sample 
was collected using the ESwab system (Copan Diagnostics Inc) by carefully 
inserting the swab into the anus and rolling it over the mucosa. Oral and skin 
swab samples were also collected using the ESwab system (Copan Diagnostics 
Inc, Murrieta, USA). Oral samples were collected by rolling the swab along the 
infant’s oral mucosal surface of the mouth, inner cheeks and tongue, and skin 
samples were collected by rolling the swab over the skin close to the umbilical 
stump. All samples were transported to the laboratory and handled within 24 
h after collection. For the 42 infants in our sub-cohort, fresh samples were 
cultured quantitatively as described below, and portions of samples from all 
infants were frozen at -80oC for later analyses (Paper V). 

Dietary assessment in the different cohorts 
In the FARMFLORA study, dietary information was collected as described 
previously (73, 217). In brief, parents continuously recorded breastfeeding 
and formula practices in diaries until the infant reached 18 months of age. At 
1 year of age (10–14 months), parents completed an unannounced 24-h 
dietary recall, followed by a 24-h food diary, of their child’s diet. The collected 
dietary information was registered and nutritional content calculated using 
the software Dietist Net Pro (Kost och Näringsdata, version 15.11.02, 
Stockholm, Sweden) based on the food composition database of the Swedish 
National Food Agency (Papers I & II). 

In the NICE study, mothers’ dietary intake during the period 3-4 months 
postpartum was collected using a web-based, validated, semi-quantitative 
food frequency questionnaire (Meal-Q), which was sent out four months 
postpartum (218, 219). Daily intake in grams of a wide range of food items 
was estimated using images of portion sizes together with reported intake 
frequency (Paper IV). 
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Analytical methods 

Microbiota characterization 

Next-generation sequencing (Paper I) 
After thawing of frozen fecal samples, DNA was extracted and the V3-4 region 
of the bacterial 16S rRNA gene was amplified as described previously (220). 
In brief, DNA was extracted using the QIAamp DNA stool mini kit (QIAGEN AB, 
Sollentuna Sweden) modified by adding a bead-beating step to improve DNA 
extraction from Gram-positive bacteria. Bacterial 16S rRNA genes were 
amplified by PCR using 341F and 785R primers (221). A second PCR was 
carried out to add the sequencing adaptors and multiplex identifiers, and all 
samples were pooled to create the library. 

Sequencing of the 16S rRNA gene amplifications was carried out on an 
Illumina MiSeq platform (Illumina Corp. San Diego, CA, USA) at Science for Life 
Laboratory (Stockholm, Sweden) using 2 × 300 bp paired end reads. Raw 
sequencing data were converted from Bcl to FastQ format, demultiplexed and 
quality checked using FastQC, then further processed in QIIME2 (222).  

Amplicon sequence variants (ASVs) were obtained using the DADA2 plugin 
and clustered into 97% operational taxonomic units (OTUs) using the vsearch 
plugin (223). The taxonomy of each OTU was assigned using the SILVA (v132) 
SSU rRNA database of reference sequence. 

Quantitative bacterial culture (Paper V) 
The oral, gut and skin microbiota were characterized using quantitative 
microbial culture (31, 51). In brief, fecal samples that had been transported 
in an anaerobic atmosphere were processed at the laboratory within 24 h 
after collection. A calibrated spoon of feces was serially diluted in sterile 
peptone water, plated on two non-selective media and eight selective media, 
and incubated under either aerobic or anaerobic conditions, as summarized 
in Table 3 (224-235). From appropriate dilutions on each medium, free-lying 
colonies of different morphology were enumerated, Gram-stained, examined 
by microscope and sub-cultured for purity. Isolates were identified to the 
genus or species level using a range of methods, as summarized in Table 4. 
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Table 4: Identification of cultured microbes to the genus or species level 

 Identification 
Facultatives  
Enterobacteriaceae, Pseudomonas, 
Acinetobacter 

API 20E biotyping a 

Staphylococcus Gram-stained appearance, catalase 
+, coagulase +/- b 

Enterococcus Gram-stained appearance, esculin 
hydrolysis, MALDI-TOF a 

Streptococcus, Micrococcus, 
Corynebacterium, Actinomyces, 
Haemophilus, Neisseria 

Gram-stained appearance, MALDI-
TOF a 

Anaerobes  
Bifidobacterium, Lactobacillus, 
Bacteroides, Clostridium, Clostridioides 
difficile, Cutibacterium, Propionibacterium, 
Finegoldia, Veillonella, Parabacteroides, 
Prevotella, Fusobacterium 

Gram-stained appearance, MALDI-
TOF a 

Yeasts  
Yeasts c Gram-stained appearance 

a For identification to the species level. b Classified as S. aureus or “coagulase-negative 
staphylococci” based on a positive or negative coagulase test. c Yeasts were not 
identified to the genus or species level.  

 

SCFA analysis (Papers II-IV) 

SCFA in feces (Papers II & III) 
Fecal concentrations of 8 SCFAs (acetic, propionic, iso-butyric, butyric, iso-
valeric, valeric, iso-caproic and caproic acid) were measured by gas 
chromatography. In the FARMFLORA study (Paper II), analysis was carried out 
using a method modified from Zhao et al (236). In brief, samples were thawed 
and 200 mg of feces was mixed with 1 ml of water and homogenized, then 
dilute hydrochloric acid was added to achieve a pH of 2–3. Solids were 
separated out by centrifugation and 180 μL of supernatant was mixed with 20 
μL of internal standard solution (7.9 mM 2-ethylbutyric acid in 12% v/v 
aqueous formic acid) to generate the solution for analysis. A fused silica 
capillary column with free fatty acid stationary phase was used for separation 
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and flame ionization was used for detection. In the BAS study (Paper III), a 
different method was used [21, 22]. In brief, samples were thawed and 0.5 g 
of feces was homogenized in 2 mL of distilled water containing 0.5 mmol/L of 
dilute sulfuric acid and 3 mmol/L of 2-ethylbutyric acid as an internal 
standard, then vacuum distilled and analysed for SCFAs on a gas 
chromatograph (Perkin Elemer Autosystem XL). 

SCFA in plasma and breast milk 
Plasma and breast milk concentrations of 9 SCFAs, of which 8 were “classic” 
SCFAs (formic, acetic, propionic, isobutyric, butyric, isovaleric, valeric, and 
caproic acid) and the 9th the di-carboxylic succinic acid, also produced by gut 
microbes, were measured by ultra-high performance liquid chromatography-
mass spectroscopy (UPLC-MS) (237)(238). In brief, 10 μl plasma was 
incubated with 60 μl 75% methanol (LiChrosolv®), 10 μl 200 mM 3-NPH, and 
10 μl 120 mM EDC-6% pyridine to derivatize the SCFAs, then the reaction was 
quenched with 10 μl of 200 mM quinic acid. Solids were separated out by 
centrifugation, 10% methanol in water was added to the supernatant up to 1 
mL, and the solution was centrifuged again. Then 100 μl of the supernatant 
was mixed with 100 μl of internal standard (13C6-3NPH). A Waters ACQUITY 
UPLC BEH C18 column was used for separation and a 6500+ QTRAP triple-
quadrupole mass spectrometer (AB Sciex, 11432 Stockholm, Sweden) 
equipped with an APCI source and operated in the negative-ion MRM-mode 
was used for detection. 

Statistics 
For analysis of 16S rRNA gene sequencing data, estimation of alpha and beta 
diversity, and generation of random forests models to identify microbial taxa 
associated with various early life exposures, analyses were carried out using 
MicrobiomeAnalyst (https://www.microbiomeanalyst.ca) (239). Data was 
filtered to remove taxa containing all zero values or appearing in only one 
sample and normalized using total sum scaling. Alpha diversity was 
determined based on the number of observed OTUs and differences between 
groups were assessed using the Mann-Whitney U-test at each time point. To 
estimate beta diversity, rarefaction was carried out to the minimum library 
size and Bray-Curtis dissimilarity distances between groups were assessed 
using PERMANOVA. Random forests models based on 1,000 trees were used 
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to identify the top 15 discriminatory taxa between exposure groups. 
Differences in the proportion and prevalence (presence or absence) of these 
discriminatory taxa were tested by separate univariate analysis, and multiple 
linear and logistic regression models were used to identify associations 
independent of covarying exposures (p<0.2), with analysis carried out in SPSS. 
Estimated microbial age (EMA) was determined based on a method modified 
from Depner et al (40). Random forest models of gut microbiota composition 
in relation to the infants’ exact age on collection of fecal samples were 
generated in a training set of 70% of samples using Scikit-Learn (240)/1.0.2 in 
python/3.9.9 using 2000 trees. The models were 5-fold cross-validated and 
the most important features were extracted using permutation importance 
in Scikit-Learn. The EMA of the gut microbiota composition in the remaining 
test set of samples was then determined, and bivariate analysis was used to 
identify associations between early life exposures and EMA.  

For an overview of the relation between a multitude of microbial (X) variables 
with one or more exposure (Y) variables, we used orthogonal projection to 
latent structures (OPLS), a multivariate data analysis method based on linear 
regression, e.g. to identify the microbial groups associated with various 
perinatal factors at each body site in Paper V) (SIMCA P+ V17; Umetrics AB, 
Umeå, Sweden). The analyses were based on both the prevalence (presence 
or absence) of each bacterial group and their population count in colonized 
infants. For each exposure variable, associations with microbial variables 
identified in OPLS analysis were tested by separate univariate analysis and 
adjustment for false discovery rate was applied, with analysis carried out in 
SPSS (v26, IBM Corp., NY, USA) or GraphPad Prism (v.9.3.1, GraphPad 
Software, San Diego, USA). 

In general, associations between categorical variables, a continuous and a 
categorical variable, or two continuous variables were assessed by Fisher’s 
Exact test, Mann-Whitney U-test or Spearman rank correlation respectively. 
Statistical analyses were carried out using SPSS (v26, IBM Corp., NY, USA) or 
GraphPad Prism (v.9.3.1, GraphPad Software, San Diego, USA). 
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Results 

Gut microbiota development in the FARMFLORA 
cohort (Paper I) 
Infant gut microbiota composition up to 6 months of age 
In Paper 1, the composition of the gut microbiota up to six months of age in 
infants living in rural Sweden (the FARMFLORA cohort) was characterized by 
next generation sequencing of bacterial 16S rRNA-genes in fecal samples. As 
shown in Figure 1, Bifidobacteriaceae was the most abundant bacterial family 
at 1 week of age (23% of total abundance), followed by Bacteroidaceae, both 
representing anaerobic bacterial groups. Facultative bacteria made up 
approximately half of the total bacterial abundance and were dominated by 
the Staphylococcaceae, Streptococcaceae and Enterobacteriaceae families. 
By 16S rRNA-sequencing, it is not possible to distinguish, e.g. S. aureus from 
coagulase-negative staphylococci, or to accurately distinguish E. coli from 
Shigella. 

By one month of age, anaerobic bacteria outnumbered the facultatives. 
Bifidobacteriaceae were still the most common bacteria, but Bacteroidaceae 
had expanded and the obligate anaerobic Lachnospiraceae had also become 
more abundant. In contrast, the populations of facultatives such as 
Staphylococcaceae and Streptococcaceae had declined, while 
Enterobacteriaceae were less affected.  

At six months of age, Bacteroidaceae had expanded further and outnumbered 
Bifidobacteriaceae. Other anaerobes belonging to the families 
Lachnospiraceae and Veillonellaceae, had also increased in abundance, 
making anaerobic bacteria completely dominant in the microbiota. At this 
stage, also Enterobacteriaceae had declined, and facultatives constituted less 
than a quarter of the total bacterial abundance. 
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Figure 1: Relative abundance of bacterial taxa in the gut microbiota of the 
FARMFLORA infants at 1 week, 1 month and 6 months of age. Pie charts showing the 
mean relative abundance of bacterial taxa at the family level at 1 week, 1 month and 
6 months of age. Figure reproduced from an article published by Taylor & Francis 
Group in Gut Microbes in 2020(12:1), available online: https://wwww. 
tandfonline.com/10.1080/19490976.2020.1847628.” (241). 

 

Effect of early life exposures on gut microbiota assembly in 
FARMFLORA 
In Paper 1, the effect of various early life exposures on gut microbiota 
development was also investigated. Specifically, these were delivery mode, 
exposure to intrapartum antibiotics, formula feeding/weaning, elder siblings, 
growing up on a farm, and pets in the household. Firstly, the effect of each 
exposure on overall gut microbiota composition was determined, as shown 
in Table 1. Delivery mode, exposure to intrapartum antibiotics, presence of 
elder siblings and pets in the household all explained some of the observed 
microbial variance at 1 week of age, as evidenced by significant separation in 
Bray-Curtis dissimilarity distances. The effect of each early life exposure on 
the gut microbiota changed over time and by 6 months of age only the effect 
of exposure to antibiotics during delivery remained significant, although a 
significant effect of cessation of breastfeeding became apparent. Notably, 
farm living had no significant effect on microbial variance in this analysis. 

Infants experience a number of these exposures during their early life, and a 
Microbial Exposure Index (MEI) was devised to investigate their cumulative 
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effect on the gut microbiota. In this index one point was assigned for each 
‘microbe-enriching’ exposure, namely pets, farm living, elder siblings, formula 
feeding/weaning, vaginal delivery and lack of exposure to intrapartum 
antibiotics. To reflect varying patterns of infant nutrition over time, formula 

 
Table 1: Effects of early life exposures on gut microbiota variance in the FARMFLORA 
infants 

1 Defined as a mixture of breast and formula feeding as compared to exclusive 
breastfeeding at 1 week (N=7, 53) and at 1 month (N=12, 50) of age, and weaning 
(cessation of breastfeeding) as compared to continued partial or exclusive 
breastfeeding (N=15, 48) at 6 months of age. 

 
feeding/weaning was defined at 1 week and 1 month of age as consumption 
of formula in addition to breastmilk, as compared to exclusive breastfeeding, 
and at 6 months of age as weaning (cessation of breastfeeding), as compared 
to continued consumption of at least some breastmilk. Two infants who only 
consumed formula at 1 week and/or 1 month of age were excluded. The 
resulting MEI score was related to (i) the anaerobic character of the 
microbiota, defined as the proportion of anaerobic bacteria, (ii) the 
proportion of major anaerobic bacterial groups in the infant gut, namely 
bifidobacteria and Bacteroides, and (iii) estimated microbial age (EMA) (40). 
EMA is a measure of microbiota maturity and was determined by relating gut 
microbiota composition to the exact age of infants at sampling in a training 
set of 70% of samples using a random forests model, and then applying this 
model to estimate the microbial age of the remaining 30% of samples. The 
higher the MEI score, ie. the greater the number of ‘microbe-enriching’ 
exposures (see Figure 1d-g, Paper I), the higher was the proportion of 

 r2 
 1 week 1 month 6 months 
Delivery mode 0.08 ** 0.03 * 0.03 
Intrapartum antibiotics 0.06 ** 0.04 * 0.04 * 
Formula/weaning 1 0.02 0.03 0.04 * 
Elder siblings 0.08 *** 0.04 * 0.01 
Pets 0.04 * 0.02 0.02 
Farm 0.03 0.01 0.02 
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anaerobes at 1 week and 1 month of age. MEI score was also strongly 
significantly associated with the proportion of Bifidobacterium at 1 week of 
age, although less so with the proportion of Bacteroides. Associations with 
MEI were most pronounced during the first month, but the relationship 
between higher MEI and higher proportions of anaerobes, Bifidobacterium 
and Bacteroides was still apparent at 6 months of age. In addition, higher MEI 
score tended to be linearly associated with higher EMA at 1 week of age, 
although not at later time points (see Figure 3a-b, Paper I). 

Next, the effect of each early life exposure on gut microbiota composition was 
investigated individually, as shown in Tables 2 and 3, using a variety of 
measures including estimated microbial age, alpha diversity (number of 
OTUs) and anaerobic character. Also, the top 15 bacterial taxa which 
discriminated between exposure groups were identified using another 
random forests machine learning algorithm, and univariate associations with 
the prevalence and proportion of each of these taxa were determined 
separately. As many of the early life exposures were inter-related, the 
associations identified between elder siblings, pet ownership or farm 
residence and the prevalence and proportion of bacterial taxa and also the 
proportion of anaerobic bacteria were adjusted for covariates, where sample 
size allowed. However, the low number of infants delivered by caesarian 
section or exposed to intrapartum antibiotics and the high rates of 
breastfeeding in this cohort meant that sample size was not sufficient to 
adjust any findings related to these exposures for covariates. 

As shown in Table 2, in infants delivered by caesarean section (N=10) tended 
to have a less ‘mature’ gut microbiota, as indicated by a lower microbial age, 
which also tended to be less anaerobic. However, various significant effects 
of caesarean delivery on microbial colonization were observed. Infants 
delivered by caesarean section were characterized by lower prevalence of 
Bacteroides and higher prevalence of the facultatives streptococci and 
enterococci in their microbiota during the first month after birth. However, 
they were more frequently colonized by Veillonella at 1 week, Roseburia at 1 
month and Clostridium inocuum group at 6 months of age. Similarly, 
significant effects of exposure to intrapartum antibiotics were also observed. 
Infants exposed to intrapartum antibiotics (N=10, Table 2) had a less ‘mature’ 
gut microbiota in the first month than unexposed infants, which was less 
anaerobic, and less frequently contained Bifidobacterium and Bacteroides but 
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had higher prevalence of the facultatives Enterococcus and Haemophilus. 
These infants also had lower proportions of the anaerobic commensal 
Eggerthella, but higher prevalence of Clostridium sensu stricto 1, and also the 
facultative Raoultella, in their gut microbiota at 6 months of age. 

Formula feeding and weaning were also clearly associated with gut 
microbiota composition (Table 2). Both alpha-diversity and estimated 
microbial age was significantly increased in pooled samples from formula fed 
or weaned infants. At 1 month of age, infants who consumed some formula 
in addition to breast milk, as opposed to being exclusively breastfed, had a 
significantly more diverse microbiota with a higher estimated microbial age 
characterized by higher prevalence and/or proportions of various anaerobic 
Firmicutes, especially clostridial bacteria, as well as higher proportions of 
enterococci and unclassified Enterobacteriaceae, but lower proportions of 
Haemophilus. Similarly, at 6 months of age, infants who had ceased 
breastfeeding as opposed to those who continued to receive at least some 
breast milk had a much more diverse microbiota with a tendency for higher 
estimated microbial age, which was again characterized by significantly 
higher levels of many clostridial bacteria and other anaerobic Firmicutes, but 
lower proportions of Escherichia. 

In infants with elder siblings (Table 3), the gut microbiota showed no 
consistent difference in alpha diversity or estimated microbial age compared 
to first-born infants, although infants with elder siblings had a more diverse 
gut microbiota at 1 week of age. They were also significantly more frequently 
colonized by bifidobacteria and harbored higher proportions of Atopobium, 
Corynebacterium and Dolosigranulum, but had lower levels of enterococci 
during the first month. Also, while infants with elder siblings harbored 
significantly higher proportions of staphylococci initially, there was a 
tendency for fewer infants to be colonized by staphylococci at 6 months of 
age. Although it was not possible to adjust the association for covariates, 
infants with elder siblings were also significantly less frequently colonized by 
and harbored lower levels of Clostridioides at 1 month of age than first-born 
infants.  

 



Infant microbiota and short chain fatty acids 

 

anaerobes at 1 week and 1 month of age. MEI score was also strongly 
significantly associated with the proportion of Bifidobacterium at 1 week of 
age, although less so with the proportion of Bacteroides. Associations with 
MEI were most pronounced during the first month, but the relationship 
between higher MEI and higher proportions of anaerobes, Bifidobacterium 
and Bacteroides was still apparent at 6 months of age. In addition, higher MEI 
score tended to be linearly associated with higher EMA at 1 week of age, 
although not at later time points (see Figure 3a-b, Paper I). 

Next, the effect of each early life exposure on gut microbiota composition was 
investigated individually, as shown in Tables 2 and 3, using a variety of 
measures including estimated microbial age, alpha diversity (number of 
OTUs) and anaerobic character. Also, the top 15 bacterial taxa which 
discriminated between exposure groups were identified using another 
random forests machine learning algorithm, and univariate associations with 
the prevalence and proportion of each of these taxa were determined 
separately. As many of the early life exposures were inter-related, the 
associations identified between elder siblings, pet ownership or farm 
residence and the prevalence and proportion of bacterial taxa and also the 
proportion of anaerobic bacteria were adjusted for covariates, where sample 
size allowed. However, the low number of infants delivered by caesarian 
section or exposed to intrapartum antibiotics and the high rates of 
breastfeeding in this cohort meant that sample size was not sufficient to 
adjust any findings related to these exposures for covariates. 

As shown in Table 2, in infants delivered by caesarean section (N=10) tended 
to have a less ‘mature’ gut microbiota, as indicated by a lower microbial age, 
which also tended to be less anaerobic. However, various significant effects 
of caesarean delivery on microbial colonization were observed. Infants 
delivered by caesarean section were characterized by lower prevalence of 
Bacteroides and higher prevalence of the facultatives streptococci and 
enterococci in their microbiota during the first month after birth. However, 
they were more frequently colonized by Veillonella at 1 week, Roseburia at 1 
month and Clostridium inocuum group at 6 months of age. Similarly, 
significant effects of exposure to intrapartum antibiotics were also observed. 
Infants exposed to intrapartum antibiotics (N=10, Table 2) had a less ‘mature’ 
gut microbiota in the first month than unexposed infants, which was less 
anaerobic, and less frequently contained Bifidobacterium and Bacteroides but 
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had higher prevalence of the facultatives Enterococcus and Haemophilus. 
These infants also had lower proportions of the anaerobic commensal 
Eggerthella, but higher prevalence of Clostridium sensu stricto 1, and also the 
facultative Raoultella, in their gut microbiota at 6 months of age. 

Formula feeding and weaning were also clearly associated with gut 
microbiota composition (Table 2). Both alpha-diversity and estimated 
microbial age was significantly increased in pooled samples from formula fed 
or weaned infants. At 1 month of age, infants who consumed some formula 
in addition to breast milk, as opposed to being exclusively breastfed, had a 
significantly more diverse microbiota with a higher estimated microbial age 
characterized by higher prevalence and/or proportions of various anaerobic 
Firmicutes, especially clostridial bacteria, as well as higher proportions of 
enterococci and unclassified Enterobacteriaceae, but lower proportions of 
Haemophilus. Similarly, at 6 months of age, infants who had ceased 
breastfeeding as opposed to those who continued to receive at least some 
breast milk had a much more diverse microbiota with a tendency for higher 
estimated microbial age, which was again characterized by significantly 
higher levels of many clostridial bacteria and other anaerobic Firmicutes, but 
lower proportions of Escherichia. 

In infants with elder siblings (Table 3), the gut microbiota showed no 
consistent difference in alpha diversity or estimated microbial age compared 
to first-born infants, although infants with elder siblings had a more diverse 
gut microbiota at 1 week of age. They were also significantly more frequently 
colonized by bifidobacteria and harbored higher proportions of Atopobium, 
Corynebacterium and Dolosigranulum, but had lower levels of enterococci 
during the first month. Also, while infants with elder siblings harbored 
significantly higher proportions of staphylococci initially, there was a 
tendency for fewer infants to be colonized by staphylococci at 6 months of 
age. Although it was not possible to adjust the association for covariates, 
infants with elder siblings were also significantly less frequently colonized by 
and harbored lower levels of Clostridioides at 1 month of age than first-born 
infants.  
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Infant microbiota and short chain fatty acids 

 

Infants with pets (Table 3) had a more diverse microbiota than infants without 
pets, containing significantly higher proportion of anaerobes and lower levels 
of Corynebacterium and Haemophilus in the first month, and lower 
prevalence of Clostridium sensu stricto 1. Also, infants with pets had 
significantly higher levels of Dialister in their gut microbiota at 1 month of age, 
although it was not possible to adjust this finding for covariates.  

In infants growing up on farms (Table 3), the gut microbiota showed no 
difference in alpha diversity compared to that of infants growing up in the 
same rural area but not on farms. However, farm infants tended to have a 
more ‘mature’ gut microbiota and harbored significantly increased 
proportions of lactobacilli at 1 week of age. Also, infants growing up on farms 
had significantly higher levels of Sutterella, Butyricicoccus and Megasphaera, 
and they more frequently harbored Dialister but less frequently 
Ruminiclostridium in their gut microbiota during the first month, although it 
was not possible to adjust these findings for covariates. 

To summarize, pets and siblings as well as vaginal delivery were associated 
with measures of more rapid maturation of the microbiota with a higher 
proportion of anaerobes and/or bifidobacteria, while caesarean section and 
exposure to antibiotics tended to be associated with a less mature microbiota 
with increased levels of various facultatives. 

SCFA patterns in early childhood 
Fecal SCFAs up to 3 years of age in the FARMFLORA children 
In Paper 2, fecal SCFA concentrations in the same cohort of children living in 
rural Sweden (FARMFLORA cohort) were measured at 4 weeks and 1 and 3 
years of age by gas chromatography. Formic and succinic acid were not 
measured in this study. As shown in Figure 2, acetic acid was by far the most 
abundant SCFA at all time-points, although it should be noted that formic acid 
was not measured in this study. At 4 weeks of age, acetic acid made up >80% 
of the median total SCFA concentration and was present in all infants with a 
median concentration of 86 μmol/g. Propionic and butyric acid were detected 
in most infants although at much lower concentrations (6.1 and 1.9 μmol/g 
respectively), while the remaining SCFAs were detected in less than half of 
infants at several times lower median concentrations. With age, the median 
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total SCFA concentration increased, and by 3 years of age acetic, propionic 
and butyric acid were all present in all children, at median concentrations of  

85, 32 and 28 μmol/g, respectively. Iso-butyric, iso-valeric and valeric acid 
were also present in almost all children, although at much lower median 
concentrations (2–3 μmol/g), and iso-caproic and caproic acid were present 
at even lower concentrations in a minority of children (data not shown). 

 

Figure 2: Fecal SCFA at 4 weeks, 1 year and 3 years of age in the FARMFLORA infants 
Median (IQR) concentration of (a) total SCFAs and acetic, propionic and butyric acid, 
and (b) iso-butyric, iso-valeric and valeric acid. ** p<0.001, Friedman test. Reproduced 
with permission from Gio-Batta et al., Scientific Reports, 2020 (118). 

 

Approximately half of the children in the FARMFLORA cohort lived on small 
dairy farms. Farmers´ children and controls did not differ in total fecal SCFA 
concentrations or the concentration of any individual SCFAs at 4 weeks or 1 
year of age, but at 3 years of age children growing up on farms had higher 
fecal concentrations of iso-butyric, iso-valeric and valeric acid (Figure 3). 
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85, 32 and 28 μmol/g, respectively. Iso-butyric, iso-valeric and valeric acid 
were also present in almost all children, although at much lower median 
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Median (IQR) concentration of (a) total SCFAs and acetic, propionic and butyric acid, 
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Approximately half of the children in the FARMFLORA cohort lived on small 
dairy farms. Farmers´ children and controls did not differ in total fecal SCFA 
concentrations or the concentration of any individual SCFAs at 4 weeks or 1 
year of age, but at 3 years of age children growing up on farms had higher 
fecal concentrations of iso-butyric, iso-valeric and valeric acid (Figure 3). 
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Figure 3: Fecal SCFAs at 3 years of age in farm 
and control children, FARMFLORA. Median 
(IQR) concentration of iso-butyric, iso-valeric 
and valeric acid at 3 years of age in 
farmers´children and controls. * p<0.05 Mann-
Whitney U-test. Reproduced with permission 
from Gio-Batta et al., Scientific Reports, 2020 
(118). 

 

As shown in Table 4, multiple logistic regression models adjusted for 
covariates confirmed that children growing up on a farm had higher fecal 
concentrations of iso-butyric, iso-valeric and valeric acid at 3 years of age 
(aOR 17, 2.1–131, P = 0.008; aOR 6.7, 1.5–30, P = 0.01 and aOR 6.4, 1.4–31, P 
= 0.02 respectively). Part of the association between farm residence and fecal 
valeric acid concentration was explained by having pets in the household. 
Also, having elder siblings was associated with higher fecal valeric acid 
concentration at 3 years of age independent of farm residence (aOR 6.2; 95% 
CI 1.5–26; P = 0.01). Furthermore, protein intake was associated with higher 
levels of iso-butyric and iso-valeric acid (aOR 1.3, 1.1–1.5, P = 0.002 and aOR 
1.1, 1.0-1.3, P = 0.01) while fiber intake was associated with lower levels (aOR 
0.5, 0.3–0.8, P = 0.003 and aOR 0.7, 0.5-1.0, P = 0.04). 

Plasma SCFAs at 4 months of age in infants in the NICE 
cohort, and in breast milk and plasma from their mothers 
In Paper III, plasma concentrations of SCFAs were measured in infants in the 
NICE cohort at 4 months of age. In contrast to Paper II, formic acid was 
included in the analysis, as was succinic acid, which although not strictly a 
SCFA, is a small dicarboxylic acid microbial metabolite. Iso-caproic acid was 
not included in this study. The analysis was carried out by ultra-high 
performance gas chromatography-mass spectroscopy, which enabled 
detection of micromolar concentrations, as opposed to the millimolar levels 
measured in feces using regular gas chromatography in Paper II. As shown in 
Table 5, formic acid was the most abundant SCFA, making up 86% of total 
plasma SCFA abundance with a median concentration of 710 µmol/L. Acetic 
acid was the next most abundant SCFA, followed by propionic and succinic 
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acid, although these were found at substantially lower levels (median 97, 8 
and 5 µmol/L respectively). The remaining SCFAs were found at median 
concentrations of <1 µmol/L. 

 
Table 4: Logistic regression models exploring the effects of demographic, family and 
dietary characteristics on the associations between farm residence and high 
concentrations of fecal iso-butyric, iso-valeric and valeric acids at three years of age 
in the FARMFLORA cohort. Adapted with permission from Gio-Batta et al., Scientific 
Reports, 2020 (118). 

SCFA a Model b Predictor variable(s) OR (95%CI) P 
Iso-butyric Uni Living on a farm 4.7 (1.3-16) 0.02* 

Multi b Living on a farm 8.2 (1.6-43) 0.01* 
Protein c 1.1 (1.0-1.2) 0.005** 
Fruit and vegetables c 0.98 (0.97-1.00) 0.006** 

Iso-valeric Uni Living on a farm 3.6 (1.0-12) 0.04* 
Multi b Living on a farm 4.4 (1.1-18) 0.04* 

Protein c 1.1 (1.0-1.2) 0.02* 
Fruit and vegetables c 0.99 (0.98-1.00) 0.03* 

Valeric Uni Living on a farm 6.9 (1.7-28) 0.008** 
Multi b Living on a farm 6.4 (1.4-31) 0.02* 

  Siblings 6.2 (1.5-26) 0.01* 
  Cat or dog 3.3 (0.8-13) 0.10 

* P<0.05, binary logistic regression, n=19 (farm) and 32 (control). a SCFA levels 
dichotomized as concentration of iso-butyric acid, > or ≤ 2.0 μmol/g; iso-valeric acid, 
> or ≤ 2.5 μmol/g; valeric acid, > or ≤ 2.0 μmol/g. b Final multivariate model. b 
Univariate or multivariate models. c Expressed as grams per day. 

 
The average concentration of acetic acid in infant plasma in the NICE study, 
97 µmol/L, can be roughly compared with the levels of acetic acid in feces in 
the FARMFLORA infants (Figure 2), which was approximately 80 µg/g of 
faeces, or 80 mg/kg feces. Thus, plasma levels of SCFA were approximately 
1000 times lower than those in feces. 

In Paper III, SCFAs (and succinic acid) concentrations were also measured in 
mother’s breast milk and plasma collected when the infant was 4 months of 
age. As shown in Table 5, infants had a higher total SCFA concentration in  
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their plasma compared to their mothers (median 850 vs. 550 µmol/L, 
p<0.001), which was attributable to higher levels of formic, acetic and 
propionic acid (all p<0.001). However, the relative concentration of the 
various SCFAs was similar between infants and mothers, i.e. formic > acetic > 
propionic, succinic > other SCFAs. 

Compared to plasma of either infants or mothers, breast milk contained a 
lower total SCFA concentration (120 µmol/L) and the relative concentrations 
of the various SCFAs were quite different. Although formic acid was the most 
prevalent SCFA in both mother’s milk and plasma, milk contained butyric and 
caproid acid as the next most abundant SCFAs. In fact, butyrate and caproate 
made up almost half of the total SCFA abundance in milk, but less than 1% of 
the SCFAs in mother’s plasma. Thus, both butyric and caproic acid were 
enriched around 100 times in mother’s milk compared to her blood plasma. 
The concentration of iso-butyric and valeric acid were also four times higher 
in breast milk than plasma. 

Almost all infants were breast fed at 4 months of age, when the samples were 
collected. As breast milk was the sole, or a major food for the infant, we 
expected to see a correlation between the concentrations of individual SCFAs 
in the mother’s milk and her infant’s plasma. However, there were no 
significant positive correlations between concentrations of any individual 
SCFA in mothers’ milk versus infants’ plasma, and even a negative correlation 
for valeric acid (see Figure 3 in Paper IV, middle row). 

Quite surprisingly, concentrations of all individual SCFAs, except for butyric 
acid, were strongly correlated in infants’ and mothers’ plasma. The strongest 
correlations were observed for propionic, valeric and succinic acid. Caproic, 
formic, iso-valeric and iso-butyric acid all correlated moderately, and acetic 
acid levels correlated weakly (see Figure 3 in Paper IV, bottom row). SCFA 
concentrations were not significantly correlated between mothers’ plasma 
and mother’s milk (see Figure 3 in Paper IV, upper row). 
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their plasma compared to their mothers (median 850 vs. 550 µmol/L, 
p<0.001), which was attributable to higher levels of formic, acetic and 
propionic acid (all p<0.001). However, the relative concentration of the 
various SCFAs was similar between infants and mothers, i.e. formic > acetic > 
propionic, succinic > other SCFAs. 
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lower total SCFA concentration (120 µmol/L) and the relative concentrations 
of the various SCFAs were quite different. Although formic acid was the most 
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caproid acid as the next most abundant SCFAs. In fact, butyrate and caproate 
made up almost half of the total SCFA abundance in milk, but less than 1% of 
the SCFAs in mother’s plasma. Thus, both butyric and caproic acid were 
enriched around 100 times in mother’s milk compared to her blood plasma. 
The concentration of iso-butyric and valeric acid were also four times higher 
in breast milk than plasma. 

Almost all infants were breast fed at 4 months of age, when the samples were 
collected. As breast milk was the sole, or a major food for the infant, we 
expected to see a correlation between the concentrations of individual SCFAs 
in the mother’s milk and her infant’s plasma. However, there were no 
significant positive correlations between concentrations of any individual 
SCFA in mothers’ milk versus infants’ plasma, and even a negative correlation 
for valeric acid (see Figure 3 in Paper IV, middle row). 

Quite surprisingly, concentrations of all individual SCFAs, except for butyric 
acid, were strongly correlated in infants’ and mothers’ plasma. The strongest 
correlations were observed for propionic, valeric and succinic acid. Caproic, 
formic, iso-valeric and iso-butyric acid all correlated moderately, and acetic 
acid levels correlated weakly (see Figure 3 in Paper IV, bottom row). SCFA 
concentrations were not significantly correlated between mothers’ plasma 
and mother’s milk (see Figure 3 in Paper IV, upper row). 
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Gut microbiota development and SCFAs in early 
childhood in relation to future allergy (Papers I, II, III 
& IV) 
Gut microbiota in infancy and future allergy 
In Paper 1, associations between gut microbiota development during infancy 
and allergy at 3 and 8 years of age were investigated. Despite few children in 
the FARMFLORA cohort developing allergy (N=11 and 10 at 3 and 8 years, 
respectively), limiting statistical power, there was an overall difference in gut 
microbiota composition at 1 week of age, but not at later time points, 
between children who were allergic and those who were not allergic at 8 
years of age, as indicated by significant separation in Bray-Curtis dissimilarity 
index. As shown in Table 6, the gut microbiota was significantly less anaerobic 
and estimated microbial age tended to be lower at 1 week of age in infants 
who who later became allergic, while there was no difference in gut 
microbiota diversity in infants who were allergic or non-allergic at 3 or 8 years. 
Colonization by lactobacilli at 6 months was significantly negatively 
associated with allergy at 8 years of age. Conversely, higher proportions of 
Rothia at 1 week, Clostridium sensu stricto 1 at 1 month and 
Lachnoclostridium at 6 months, and colonization by Rothia at 1 week, 
Ruminiclostridium and unclassified Peptostreptococcaceae at 1 month and 
Akkermansia at 6 months were all significantly positively associated with 
allergy at either 3 or 8 years of age. Non-specific tendencies were seen for 
lower risk of allergy at 3 years of age with higher proportions of Bacteroides 
at 1 week and 1 month, and Bifidobacterium and Escherichia at 6 months. 

Fecal and plasma SCFAs in early childhood and future allergy 
The associations between the concentrations of SCFAs in faeces or plasma 
during infancy or early childhood and subsequent development of atopic 
disease was investigated in three cohorts: FARMFLORA, BAS and NICE. The 
results are summarized in Table 7. 
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FARMFLORA – fecal SCFA at 3 years versus allergy at 8 years of age 
In Paper II, associations between fecal SCFA concentration at 3 years of age 
and allergy at 8 years of age were investigated in the FARMFLORA cohort. 
Median fecal valeric acid concentration at 3 years of age was lower in children 
who had atopic eczema at 8 years of age compared to children with no 
allergy/atopy diagnosis, i.e. atopic eczema, food allergy, asthma or allergic 
rhino-conjunctivitis (0.5 vs. 2.3 μmol/g, P = 0.007) (Table 7 and Figure 4). No 
other significant associations were observed, but as the cohort is very small, 
this may not be surprising. 

 

Figure 4: Valeric acid in feces of FARMFLORA infants correlates with less future allergy 
development. Valeric acid concentration in faeces at 3 years of age in relation to 
allergic disease at 8 years of age, in (a) all children in the FARMFLORA cohort who 
were clinically evaluated for allergy at 8 years and also had fecal samples available 
for SCFA analysis (N=39) and (b) a sub-set including only control children not living on 
farms (N=26). Non-allergic children had no allergic/atopic disease at 8 years of age. 
*, p<0.05, **, p<0.01, Mann-Whitney U-test. Reproduced with permission from Gio-
Batta et al., Scientific Reports, 2020 (118). 

 

Children growing up on farms have low rates of allergic diseases (69, 70). In 
the FARMFLORA cohort, farmers´ children had lower rate of allergy at 18 
months and 3 years of age (206), but not at 8 years of age (208). As farmers´ 
children also had higher levels of fecal valeric acid at 3 years of age, a sub-
group analysis was carried out in control children not living on farms to avoid 
possible confounding by farm residence. Again, median fecal valeric acid 
concentration at 3 years of age was lower in children with eczema at 8 years 
of age compared to non-allergic children (0.5 vs. 1.5 μmol/g, P = 0.03). No 
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significant associations were observed between other SCFAs and 
allergic/atopic diseases (no children in the FARMFLORA cohort had food 
allergy at 8 years of age). 

Fecal SCFA at 1 year  versus allergy at 13 years of age in the BAS cohort 
In Paper III, associations between fecal SCFA concentrations at 1 year of age 
(determined in previous studies) (209, 242) and allergy at 13 years of age 
were investigated employing data from the BAS cohort, recruited in Jämtland 
in 1996-7 and evaluated for allergy at 13 years of age. In total, data from 56 
children diagnosed as allergic at 13 years of age were analysed in the present 
study. Individuals with no reported allergic symptoms and a negative skin 
prick test formed the reference group (N=33). As also seen in the FARMFLORA 
cohort (above and Table 7), there was a correlation between low fecal levels 
of valeric acid and subsequent atopic eczema, with higher concentration of 
valeric acid at 1 year of age negatively associated with eczema at 13 years of 
age (OR 0.6, 95% CI: 0.4–1.0, p=0.049). In addition, valeric acid levels in feces 
tended to be negatively associated with food allergy at 13 years of age (OR 
0.6, 95% CI: 0.4–1.0, p=0.057). 

In sub-group analyses, fecal valeric acid concentration at 1 year of age was 
negatively associated with eczema and food allergy at 13 years in adolescents 
whose parent(s) had an allergic disease (OR 0.5, 95% CI: 0.3–1.0, p = 0.047 
and OR 0.4, 95% CI: 0.2–0.9, p=0.03 respectively), but not in offspring of non-
allergic parents. Valeric acid in feces at 1 year of age was also negatively 
associated with eczema at 13 years in girls (OR 0.4, 95% CI: 0.2–0.9, p = 0.03) 
but not boys. 

Plasma  SCFA at 4 months versus allergy at 1 year of age in the NICE cohort 
In the NICE birth-cohort, associations between plasma SCFA concentrations 
at 4 months of age and allergy and sensitization at 1 year of age were 
investigated (Paper IV). As shown in Table 7, lower plasma levels of several 
SCFAs at 4 months were associated with increased prevalence of atopic 
eczema at 1 year of age. Acetic, succinic and isobutyric acid concentrations 
were significantly lower at 4 months of age in infants who had eczema at 1 
year of age, compared to infants who were non-allergic and non-sensitized. 
Further, there were also significant associations between low plasma levels 
of SCFAs at 4 months of age and food allergy at 1 year of age, including acetic 
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in 1996-7 and evaluated for allergy at 13 years of age. In total, data from 56 
children diagnosed as allergic at 13 years of age were analysed in the present 
study. Individuals with no reported allergic symptoms and a negative skin 
prick test formed the reference group (N=33). As also seen in the FARMFLORA 
cohort (above and Table 7), there was a correlation between low fecal levels 
of valeric acid and subsequent atopic eczema, with higher concentration of 
valeric acid at 1 year of age negatively associated with eczema at 13 years of 
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year of age, compared to infants who were non-allergic and non-sensitized. 
Further, there were also significant associations between low plasma levels 
of SCFAs at 4 months of age and food allergy at 1 year of age, including acetic 
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Table 7: Summary of significant associations between SCFA levels and subsequent 
allergy development in three cohorts 

   Birth cohort 
   FARMFLORA  BAS  NICE 
SCFA analysis Feces 3 yr  Feces 1 yr  Plasma 4 mo 
Allergy evaluated 8yr   13 yr   1 yr  
Atopic eczema vs control P a   P a   P a 
  Acetic        Lower 0.003 
  Succinic  NM   NM   Lower 0.03 
  Isobutyric       Lower 0.04 
  Valeric  Lower 0.03  Lower <0.05    
Food allergy vs control       
  Total        (Lower) 0.07 
  Acetic        Lower 0.04 
  Succinic NM   NM   Lower 0.03 
  Valeric     (Lower) 0.06  (Lower) 0.08 

a P-values. Only significant or near significant associations are shown, unfilled cells 
denote that no significant findings were found between allergic and non-allergic 
children. The following SCFAs were measured in all three cohorts: acetic, propionic, 
butyric, iso-butyric, valeric and caproic acid. In NICE, also formic and succinic acid 
were analyzed. In FARMFLORA and BAS, also iso-caproic acid was measured. NM= 
Not measured; succinic acid was only measured in the NICE cohort. 

 
and succinic acid, and tendencies for valeric acid and total SCFAs. The 
associations between low levels of SCFA in infants’ plasma and their tendency 
to develop allergy, remained when controlling for maternal allergy. No 
associations were observed between plasma SCFA concentration and asthma, 
and only two infants had allergic rhino-conjunctivitis at 1 year of age, 
precluding analysis.  

In relation to sensitization, the plasma concentrations of formic, succinic, iso-
butyric, valeric, caproic and total SCFAs at four months of age were 
significantly lower in infants who were sensitized at 1 year of age, compared 
to infants who were non-allergic and non-sensitized (see Figure 7 in Paper IV). 

As also the mothers’ SCFA levels were measured in Paper IV, we could study 
whether allergic mothers had lower levels of SCFA in breast milk or serum, 
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compared to non-allergic mothers. Indeed, allergic mothers had lower 
concentrations of caproic acid in their breast milk than non-allergic mothers, 
and also tended to have lower concentrations of butyric acid (see Table 3 in 
Paper IV). However, there were no associations between total or individual 
SCFA concentration in breast milk at 4 months postpartum and any allergic 
disease or sensitization in infants at 1 year of age. Allergic mothers also had 
lower plasma levels of several SCFA than non-allergic mothers, most 
consistently isobutyric and succinic acid, while isovaleric acid was generally 
higher in the plasma of allergic, as compared to non-allergic mothers (Table 
3 in Paper IV). 

 

Oral, gut and skin microbiota establishment in 
extremely preterm infants in the ÖFLORA cohort 
(Paper V) 

Microbiota composition up to 6 weeks of postnatal age 
In Paper V, the establishment of the oral, gut and skin microbiota was studied 
in extremely preterm infants (the ÖFLORA cohort) who were followed up to 
six weeks of postnatal age during their stay at a neonatal intensive care unit. 
Microbial colonization was rapid (see Figure 1 in Paper V), with detectable 
levels of live bacteria found on at least one body site in most infants on the 
day of birth. The mouth was the most common site of this early colonization. 
By 3-5 days after birth, almost all infants were colonized by bacteria at all 
three body sites, and around a third also harbored yeasts at one or more 
locations. 

Considering major microbial groups (see Figure 1 in Paper V), facultatively 
anaerobic bacteria were the first to establish and were the most prevalent 
group at all body sites throughout the first 6 postnatal weeks. Yeasts were 
also prevalent, being detected in the mouth and gut of over half of infants at 
2-4 weeks of postnatal age, and up to 40% harbored yeasts on the skin. In 
contrast, obligate anaerobic bacteria were acquired late or not at all. Fewer 
than half of the infants had acquired any gut anaerobes by 4-6 weeks after 
birth, and anaerobes were scarce in oral and skin samples. Facultative 
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than half of the infants had acquired any gut anaerobes by 4-6 weeks after 
birth, and anaerobes were scarce in oral and skin samples. Facultative 
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anaerobes were also the most abundant microbial group at all body sites 
throughout the study period. In the gut, mean population counts were around 
1010 CFU/g or higher in colonized infants from a few days after birth through 
to 6 weeks postnatal age, while population counts of anaerobic bacteria were 
lower and only reached 1010 CFU/g of feces by 6 weeks of postnatal age. No 
absolute quantification of microbial population counts was possible in oral 
and skin swab samples, since the amount of swab sample material could not 
be carefully standardized. Still, bacterial counts per ml sample transport 
medium were calculated, but interpreted with caution. 

As shown in Table 3 in Paper V, coagulase-negative staphylococci (CoNS) were 
the most prevalent facultative anaerobes, colonizing the majority of infants 
over the first 4 postnatal weeks across all body sites. In the mouth, S. aureus 
and streptococci (mostly S. mitis) were the next most prevalent bacterial 
groups, and enterococci (mostly E. faecalis) were also quite prevalent. In the 
gut, enterococci were the second most prevalent bacterial group and became 
increasingly common over time, colonizing almost all infants by 6 weeks 
postnatal age, and S. aureus was also quite prevalent at the same time point. 
On the skin, CoNS remained dominant throughout the first 6 postnatal weeks, 
although S. aureus, Enterococcus and Corynebacterium each colonized up to 
around a third of infants. In contrast to Gram-positive facultative anaerobes, 
Gram-negative groups were less prevalent, especially at earlier time points. 
However, in the mouth Haemophilus and Klebsiella colonized over a third of 
infants by 6 weeks postnatal age, while in the gut Klebsiella was detected in 
two thirds of the infants and Enterobacter and E. coli were also somewhat 
prevalent at the same time point. In terms of abundance, staphylococci, 
streptococci and enterococci were each found at similar mean population 
counts in the mouth of colonized infants (see Supplemental Table S3 in Paper 
V), while in the gut enterococci, Klebsiella, Enterobacter and E. coli all reached 
mean population counts of up to 1010-11 CFU/g in colonized infants (see Table 
4 in Paper V). With respect to obligate anaerobic bacteria, a quarter of the 
infants were colonized with Clostridium and Bifidobacterium in the gut by 6 
weeks of postnatal age (see Table 3 in Paper V), and genera such as Prevotella, 
Propionibacterium, Finegoldia and Anaerococcus were detected in oral and 
skin samples from a few infants at later time points. 
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Neonatal exposures and microbiota assembly 
Associations between the following perinatal factors and the oral, gut and 
skin microbiota were also investigated: in-utero exposure to clinical 
chorioamnionitis and maternal antibiotics, latency period, gestational age at 
birth, delivery mode, APGAR score, and postnatal treatment with antibiotics, 
antifungals and steroids. Orthogonal projection to latent structures (OPLS) 
analysis was carried out including either the prevalence or population counts 
of each microbial group at each time point as the X-variables and the perinatal 
factor of interest as the Y-variable, and adjustment for false discovery rate 
(FDR) was applied to associations identified for each perinatal factor. 
Significant FDR-adjusted associations were identified in relation to postnatal 
treatment with antibiotics and gestational age at birth, although not in 
relation to other perinatal factors. 

Antibiotics 
Antibiotics may alter commensal colonization and antibiotics are prescribed 
very liberally to extremely preterm infants, both as prophylaxis, and as 
treatment on suspicion of sepsis or other infections. Investigating the effect 
of antibiotics in preterm infants is challenging due to their high levels of 
antibiotic exposure. In this study population, all infants received antibiotic 
prophylaxis (penicillin G and tobramycin, followed by cloxacillin) until at least 
1 week of age, and broad-spectrum antibiotics such as vancomycin and/or 
meropenem were administered therapeutically as required in the case of 
infections. OPLS analysis was used to identify associations between antibiotic 
variables and microbial colonization, followed by univariate analyses for each 
association identified and subsequent correction for false discovery rate 
(FRD). Firstly, microbial colonization was compared in infants who received 
antibiotic prophylaxis only and infants who also received ‘therapeutic’ 
antibiotics in the first week after delivery (see Figure 6 a-b in Paper V). Infants 
in the latter group had significantly lower population counts of CoNS in the 
mouth at 1 week of age, but higher population counts of facultative 
anaerobes on the skin in the first week after delivery, possibly preceding 
treatment. Although not significant after FDR-adjustment, infants who 
received ‘therapeutic’ antibiotics were also more frequently colonized by 
yeast on the skin. As this colonization pattern was also observed in infants 
born at lower gestational age (as detailed below), we applied stratified 
analysis to investigate further. Skin colonization by yeast occurred almost 
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Neonatal exposures and microbiota assembly 
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1 week of age, and broad-spectrum antibiotics such as vancomycin and/or 
meropenem were administered therapeutically as required in the case of 
infections. OPLS analysis was used to identify associations between antibiotic 
variables and microbial colonization, followed by univariate analyses for each 
association identified and subsequent correction for false discovery rate 
(FRD). Firstly, microbial colonization was compared in infants who received 
antibiotic prophylaxis only and infants who also received ‘therapeutic’ 
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treatment. Although not significant after FDR-adjustment, infants who 
received ‘therapeutic’ antibiotics were also more frequently colonized by 
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exclusively in infants born at <26 weeks of gestation, and within this group it 
was significantly more common in infants who received ‘therapeutic’ 
antibiotics in their first week compared to infants who received only 
prophylaxis (see Figure 6 c-d in Paper V). 

Secondly, the effect of antibiotic compared to no antibiotic treatment on 
microbial colonization after the first postnatal week was investigated (see 
Figure 3 in Paper V). Samples obtained from 11 infants after cessation of 
antibiotics were compared with those from infants who remained on 
antibiotics at all sampling time points until death or discharge. Samples from 
8 infants who ceased antibiotics but were later treated again were excluded. 
Antibiotic treatment was associated with significantly lower prevalence of S. 
aureus and S. mitis in the mouth; S. aureus, E. coli, anaerobic bacteria and 
Bifidobacterium in the gut; and S. aureus, E. faecalis and anaerobic bacteria 
on the skin. Antibiotic treatment was also significantly associated with lower 
population counts of facultative anaerobes in the mouth and gut, and in 
particular with lower counts of enterococci in the gut and CoNS on the skin. 

Prematurity 
Infants in this study were born between 22+6 and 27+5 weeks of gestational 
age, and the effect of the degree of prematurity on microbial colonization was 
investigated (see Figure 4 in Paper V). The most preterm infants, born at <26 
weeks of gestation, were less frequently colonized by obligate anaerobic 
bacteria, including C. perfringens, in the gut by 4 weeks of age as compared 
to infants born at >26 weeks of gestation, and they were more often colonized 
by yeasts on the skin. In addition, infants born at <26 weeks of gestation had 
lower population counts of enterococci in the gut (if colonized) at 4 weeks of 
postnatal age, but higher population counts of facultative anaerobes 
including CoNS on the skin at 1 week. Although not significant after FDR-
adjustment, infants born at <26 weeks of gestation also showed delayed 
colonization by S. mitis in the mouth and bifidobacteria in the gut, and were 
more frequently colonized by S. aureus on the skin during the first week after 
birth (see Figure 4 e-g in Paper V). 

As colonization of the gut by anaerobes was reduced in infants born at lower 
gestational age and also in those treated with antibiotics in the week 
preceding sampling, we again applied stratified analysis to investigate further. 
Colonization by anaerobes was generally uncommon in antibiotic-treated 
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infants regardless of the degree of prematurity, while in infants not treated 
with antibiotics colonization by bifidobacteria occurred almost exclusively in 
those born at ≥26 weeks of gestation (see Figure 5 in Paper V). 
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Discussion 
Allergy has increased dramatically in prevalence in industrialized regions, 
particularly between 1970 and 1990, when the incidence of different allergic 
diseases tripled in many Western countries, including Sweden (243), whereas 
lower rates of allergy are seen in non-industrialized regions and also in 
traditional communities within industrialized countries such as the Amish 
(244, 245), Old Order Mennonites (246) and followers of an anthroposophic 
lifestyle (247). One theory which has been suggested to account for this 
increase is the hygiene hypothesis, which proposes that progressive loss of 
microorganism diversity and turnover is responsible for poor control of 
unwanted  immune responses and increased rates of allergic diseases (248), 
but also inflammatory bowel disease and organ-specific autoimmunity (249). 
Exposure to farming environment and to pets, larger family sizes and poor 
sanitation are the factors that have been most convincingly linked to reduced 
risk of allergy development and are also likely to be associated with greater 
exposure to a wide variety of microbes. Conversely, modern lifestyle factors 
such as delivery by caesarian section (250) and exposure to antibiotics (251) 
are associated with increased risk of allergy. 

To investigate the effect of several of these exposures on the bacterial 
colonization of the infant gut, the establishment of the gut microbiota up to 
six months of age was characterized by 16S rRNA gene sequencing, in a cohort 
of infants living in rural Sweden. Infants from families living in the same rural 
regions, but not on farms served as controls. In the cohort as a whole, 
Bifidobacterium and Bacteroides were abundant across the whole time 
period, with bifidobacteria the most abundant genus initially, and Bacteroides 
the most abundant genus by 6 months of age. Bacteroides is a major member 
of both infants’ and adults’ colonic microbiota and chiefly derives from the 
maternal fecal flora which is transferred during a vaginal delivery, as shown 
by the fact that infants delivered by caesarean section may show a paucity of 
Bacteriodes still at six or twelve months of age (13, 31). Bifidobacteria are a 
dominant member of the gut microbiota in infants and also found in adults, 
but usually in lower population levels than Bacteroides spp and obligately 
anaerobic members of the Firmicutes phylum. Bifidobacteria are also more 
easily acquired from non-maternal sources than Bacteroides and sectio-
delivered infants rapidly catch up with respect to bifidobacterial colonization 
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(13, 51). As well as a consistent abundance of Bifidobacterium and 
Bacteroides throughout the first six months there was also a clear progression 
in gut microbiota composition over time, characterized by a decline in the 
early abundance of facultative anaerobes and an expansion of numerous 
genera of strict anaerobes, mostly clostridial bacteria and other anaerobic 
Firmicutes but also other groups such as Akkermansia, with a corresponding 
increase in bacterial richness. These observations correspond with findings 
from previous studies showing a similar development trajectory of the gut 
microbiota (13, 30, 252). However, it should be noted that the proportion of 
anaerobes in the infant microbiota is likely greater than was shown in our 
analysis. Fecal samples from the FARMFLORA cohort were also cultured 
(Ljung et al, manuscript) and by this method the proportion of anaerobes was 
found to be >90% at 1 week of age, compared to around 50% by 16S rRNA 
analysis, even though bacterial culture does not allow detection of many 
groups of strict anaerobes. Probably this can be explained by the fact that 
Gram-positives such as bifidobacteria are less well detected by 16S rRNA gene 
sequencing (7). 

As infants experience numerous overlapping exposures in early life, we 
considered the cumulative effect of ‘microbe-enriching’ exposures (vaginal 
delivery, farm living, pets, elder siblings, formula/weaning, and lack of 
intrapartum exposure to antibiotics) on the infant gut microbiota. The greater 
the number of ‘microbe-enriching’ exposures an infant experienced, the 
higher the proportion of obligate anaerobic bacteria and especially 
bifidobacteria in their gut microbiota, particularly in the first month after 
birth. Our findings correspond with previous studies which found that 
bifidobacteria are more abundant in the gut microbiota of infants in non-
industrialized compared to industrialized countries (253-256), and are also 
enriched in the gut microbiota of Old Order Mennonite infants (257). We also 
considered the effect of these ‘microbe-enriching’ exposures on estimated 
microbial age (40), a measure of the maturation of the gut microbiota from a 
simple one early in life to a complex anaerobe-dominated microbiota more 
like the one found in adults, and found that most of the above exposures were 
also associated or showed a tendency to be associated with higher estimated 
microbial age. In turn, higher estimated microbial age was associated with 
lower populations of facultative anaerobes such as streptococci and 
staphylococci and also Clostridium sensu stricto 1 (which includes C. 
disporicum, C. perfringens and C. botulinum), especially during the first 
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month. Analysis by 16S rRNA gene sequencing does not make it possible to 
determine the species, but our previous studies have shown C. disporicum to 
be the most common clostridial species in Swedish infants’ microbiota. Higher 
estimated microbial age was also positively associated with increased 
populations of various strictly anaerobic clostridial bacteria, especially at 1-6 
months of age. 

In addition, ‘microbe-enriching’ exposures were individually associated with 
enrichment of various core anaerobic groups in the infant gut, among other 
effects. Independent of covariates, elder siblings were associated with higher 
levels of bifidobacteria but lower levels of enterococci and also lower levels 
of staphylococci at 6 months of age, and growing up on a farm was associated 
with accelerated colonization by lactobacilli. Furthermore, growing up with 
pets was independently associated with enrichment of anaerobic bacteria but 
lower levels of Clostridium sensu stricto 1, while weaning (defined as the 
cessation of breastfeeding) heralded the expansion of diverse clostridial 
bacteria. These findings correspond with previous studies showing 
enrichment of bifidobacteria, particularly B. infantis and B. breve, in children 
with elder siblings (63, 257, 258), and a more pronounced effect of farm living 
on overall gut microbiota composition from around one year of age onwards, 
including a more mature gut microbiota at one year of age in children growing 
up on farms (34, 40). In contrast, delivery by caesarean section and exposure 
to intrapartum antibiotics were associated with depletion of bifidobacteria 
and/or Bacteroides and enrichment of facultatives and Clostridium sensu 
stricto 1, among other effects, consistent with previous findings (13, 259). 
Therefore, together with others, we show that traditional lifestyle exposures 
overall confer a more anaerobic gut microbiota composition, enriched in 
bifidobacteria and other core anaerobic taxa of the early infant gut 
microbiota, and showing an accelerated trajectory towards a mature adult-
type microbiota characterized by strictly anaerobic Firmicutes. 

At 1 week of age there was an overall separation in gut microbiota 
composition between infants who did and did not have allergy at 8 years, 
characterized by a higher proportion of obligate anaerobes (OR 0.6) in the 
latter group, and increased colonization by lactobacilli at 6 months of age was 
negatively associated with allergy in later childhood. The “estimated 
microbial age” index tended to be higher at 1 week of age in infants who did 
not develop allergy in their first 8 years of life (OR 0.5-0.6), and reduced odds 
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of allergy were also observed for higher proportions of other typical infant 
commensals such as Bifidobacterium, Bacteroides and Escherichia, although 
not reaching statistical significance. Thus, despite the low statistical power in 
this study due to few children in the cohort developing allergy (N≤11), there 
was a clear relationship between early life gut microbiota composition and 
later allergy development. Our findings with respect to lactobacilli (260-263) 
and bifidobacteria (264-271) are consistent with numerous previous studies 
and also the conclusion of a recent systematic review (272), although some 
studies have shown enrichment (273, 274), no effect (275) or mixed effect of 
different species (276, 277) of bifidobacteria in association with allergy. Also, 
higher relative abundance of Bacteroides and Parabacteroides at 2 months of 
age were also associated with protection from subsequent asthma 
development in another rural cohort including many farm infants (40). 
Therefore, our findings combine with others to indicate an allergy-protective 
effect of an early gut microbiota rich in typical anaerobic commensals. 
Consistent with the hygiene hypothesis, this microbiota composition appears 
to be promoted by various traditional lifestyle exposures that increase 
microbial exposure. As well as identifying features of the early gut microbiota 
associated with protection from allergy, we also observed that various 
bacterial groups were positively associated with allergy development, and 
most of these - namely higher levels of Clostridium sensu stricto 1 and 
unclassified Peptostreptoccaceae at 1 month and Lachnoclostridium at 6 
months of age - were also associated with less exclusive or prolonged 
breastfeeding. Since longer duration of exclusive breastfeeding was 
associated with lower rates of allergy in this cohort (217), these bacterial 
groups may be markers of this relationship. 

Ever since the hygiene hypothesis was formulated in 1989, there has been a 
continuous search to pinpoint which microbial exposures that are beneficial 
regarding maturation of the immune system and which mechanisms that 
operate. In principle, a few selected microbes could have this propensity, or 
it is the overall complexity of the microbiota, or a general high turn-over of 
the microbiota, reflecting constant exposure to new strains that could 
activate the immune system, that is important. One candidate for the link 
between a complex microbiota dominated by anaerobes and a beneficial 
immune maturation during the critical period of early infancy would be the 
SCFAs produced in the infant’s colon. SCFAs are highly bioactive metabolites 
with a range of immunoregulatory effects which are produced by the gut 
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microbiota mostly through anaerobic fermentation of complex carbohydrates 
and proteins, and therefore act as intermediaries between the gut microbiota 
and immune system (141, 142). Fecal SCFA production changes with age in 
parallel with the maturation of the colonic microbiota. In analyses not 
including formic or lactic acid, acetic acid (2C) is the predominant SCFA 
initially, followed by propionic (3C) and butyric acid (4C), with the longer and 
branched SCFAs, isobutyric (i4C), valeric (5C), isovaleric (i5C) and caproic (6C) 
acid, increasingly produced from the end of the first year although only in 
small amounts (209, 278). This corresponds with a progression from a more 
simple gut microbiota in early months to an increasingly anaerobic gut 
environment containing an expanding diversity of obligate anaerobes able to 
produce these latter SCFAs, some of them through cross-feeding pathways 
which rely on existing production of shorter SCFAs by earlier colonizers (102, 
105, 279, 280). We could replicate this pattern and in addition we could 
demonstrate that two exposures were associated with a more mature 
microbiota SCFA pattern, namely growing up on a farm and having elder 
siblings. Farm children had higher levels of iso-butyric, iso-valeric and valeric 
acid at 3 years of age than rural controls, which, to the best of our knowledge 
is a new finding. Also, children with elder siblings had higher levels of valeric 
acid at 3 years of age, which was independent of the farm effect and also 
shown previously in the BAS cohort (209). Further, higher concentration of 
isobutyric, isovaleric and valeric acid at 3 years of age correlated with a higher 
proportion of anaerobes in the gut microbiota at 1 week, but not 1 month or 
6 months, and therefore higher levels of these SCFAs reflect a distinct 
development trajectory of the microbiota beginning at or shortly after birth. 

The branched SCFAs (isobutyric and isovaleric acid) are formed from 
fermentation of amino acids and, indeed, we saw a positive association 
between intake of protein and the concentration of these SCFAs in the feces, 
while intake of fruit and vegetables at one year of age was negatively 
associated with the fecal concentrations of these SCFAs in feces at age 3 
years. Probably this is because a diet rich in fruit and vegetables likely includes 
less protein. Unexpectedly, there was also no effect of dietary fibre intake on 
plasma levels of any individual SCFA in the NICE study, and instead 
consumption of refined, carbohydrate-rich foods was associated with higher 
plasma levels of some SCFA, with reported intake of biscuits, rusks and 
cookies correlating positively with plasma butyric acid, for reasons which are 
unclear. Although it is popular to link high-fiber diets to production of SCFA, 
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a study actually showed very little effect on the SCFA pattern of feeding a diet 
enriched in fiber (281). Actually, there is plenty of substrate in the colon for 
fermentation (mucus, sloughed epithelial cells) and the contribution from 
non-fermented fibers and resistant starch may not be so significant that it 
alters the SCFA production. It is estimated that some 250 g of epithelial cells 
and about 10 L of mucus, of which 5-10% is solids (72), are shed daily into the 
intestinal lumen (of an adult) which is, of course, far more than the amounts 
of non-digested carbohydrate. 

The SCFAs are produced in the colon because the fermentation process 
requires an anaerobic atmosphere. In order to influence the infant’s immune 
system, SCFAs need to be taken up into the circulation and distributed 
between the cells and tissues of the body. Several transporters ensure that 
the SCFAs are taken up into colonic epithelial cells. Butyric acid in particular 
is used as an energy source of these cells (117), but SCFAs are also transported 
via transporters on the basolateral side along the concentration gradient into 
the blood. Via the portal circulation, they reach the liver where propionic acid 
is consumed as a substrate for glycolysis (117). The remaining portion of 
SCFAs enter circulation where they interact with peripheral organs, tissues 
and cells (117, 119, 120, 282, 283). The half-life of SCFA in the circulation is 
only a couple of hours (284) showing that they are consumed rapidly after 
having been absorbed. 

SCFA in plasma have been much less studied than SCFA in the colonic 
contents, because the concentrations are about a thousand-fold lower, in the 
microgram per liter range, rather than the milligram per liter range in the 
colon. Using highly sensitive ultra-high performance liquid chromatography-
mass spectroscopy which allowed detection of micromolar plasma SCFA 
concentrations, we measured plasma concentrations of nine SCFAs in >100 
pairs of 4-month-old infants and their mothers in the NICE cohort and, in 
addition, in the mothers’ breast milk. To the best of our knowledge, this is the 
first study examining samples from infants and their mothers simultaneously, 
and also to measure SCFA both in blood (plasma) and breast milk of the same 
women. In addition to the SCFAs analyzed in the BAS and FARMFLORA 
cohorts, we included two additional SCFAs, namely formic acid/formate, the 
smallest SCFA with only one hydrogen atom in addition to the carboxylic 
group, and succinic acid. Succinic acid has two carboxyl groups and is, hence, 
formally not a SCFA, but it is similar small molecule produced as a metabolite 
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of the colonic microbiota. It is also a molecule in the citric acid (Krebs) cycle 
and, thus, a molecule produced also by ourselves. Formic acid (not commonly 
being included in studies of SCFAs) was the most abundant SCFA in the plasma 
of 4-month-old infants, followed by acetic and propionic acid, while butyric 
acid and the longer and branched SCFAs were found in very low 
concentrations. Comparison of concentrations of acetic acid in feces (Paper 
II) and plasma (Paper IV) confirmed that levels were approximately a 
thousand times lower in plasma, consistent with previous comparisons of 
fecal and plasma SCFA levels in adults (117, 121). 

The colonic microbiota is comparatively simple during the first weeks and 
months and the SCFAs produced are mainly formic and acetic acid, providing 
SCFAs to the infant, SCFAs may be also provided by particular foods, including 
cow’s milk and other dairy products (116), as well as mother’s milk (122, 285-
287). Ingested SCFAs are absorbed rapidly in the upper gastrointestinal tract, 
and we therefore considered whether levels of SCFAs consumed in breast 
milk were related to the infant’s plasma SCFA levels. However, no significant 
positive correlation was observed between concentrations of any individual 
SCFA in breast milk and infant plasma among the whole cohort, and only weak 
correlations when considering exclusively breastfed infants only. The amount 
of SCFAs consumed in breast milk may be too low, as compared to the 
amounts produced by the infant’s own colonic microbiota, to have any 
influence on the plasma levels. Another explanation, not mutually exclusive, 
is that most of the SCFAs supplemented via maternal milk is used by the 
epithelia and do not end up in the blood plasma. Nevertheless, we assume 
that milk SCFA may provide an important nutrient for the infant’s mucosal 
epithelia in the oral cavity and upper gastro-intestinal tract and, perhaps, may 
even aid in shaping the immune function of the infant, e.g. by promoting 
maturation of naïve T cells into induced Treg, a function carried out in the 
mucosa-associated lymphoid tissue (288). 

A striking finding was that, when SCFA concentrations were compared 
between mothers’ breast milk and plasma, butyric and caproic acid were 
found at 100-fold higher concentrations in breast milk, and valeric and 
isobutyric acid were also enriched although to a considerably lesser extent, 
while levels of the other SCFAs and also the total SCFA concentration were up 
to 10 times lower. These findings are in accordance with previous studies 
which reported concentrations of formic, acetic, and butyric acid in breast 
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milk (122, 285-287) with formic acid being the most abundant milk SCFA, 
followed by butyric and caproic acid, then acetic and succinic acid, and then 
the other SCFAs. Thus, the SCFA distribution was very different to that found 
in either plasma or feces, and higher levels of butyric acid in breast milk as 
compared to serum have been previously noted when comparing findings 
from two separate studies (289). However, to the best of our knowledge, our 
study is the first to directly compare the SCFA in both breast milk and serum 
in the same woman and clearly demonstrating that butyrate and caproate 
must be either locally produced in the mammary epithelium, or selectively 
transported into the milk. 

As breast milk has been the main source of nutrition for infants during 
evolution, it seems plausible that at least some SCFAs are deliberately 
provided as nutrients for the developing infant, for example to promote 
epithelial tissue integrity and barrier function. It is also possible that the 
immune system surrounding the oral cavity and the inductive sites for 
mucosal responses in the small intestine could be influenced (95). Although 
no active transport protein is so far known to bring SCFAs into the mammary 
gland, one possible candidate may be the breast cancer resistance protein 
(BCRP), which is known to transport butyric acid into colonic epithelial cells 
(290) and is expressed in alveolar epithelial cells during late pregnancy and 
lactation where it pumps a variety of small compounds against a 
concentration gradient (291). Supporting this hypothesis, mutations in 
BCRP/ABCG2 have major effects on yield and fat composition of cow’s milk 
(292). Furthermore, BCRP is expressed more in the duodenum than in the 
colon (293), which also suggests that breast milk SCFAs may nourish the upper 
gastrointestinal epithelia, which would otherwise be less exposed to SCFAs 
than the colonic epithelia where most bacterial SCFA production occurs. This 
notion is supported by the fact that butyrate and caproate in cow’s milk are 
esterified almost entirely to the sn-3 position of the triacylglycerol, which is 
then preferentially hydrolysed by lingual lipases in the mouth and lingual and 
gastric lipases in the stomach, resulting in targeted release of these SCFAs in 
the upper gastrointestinal tract (294), although no analogous esterification 
pattern has been shown to date in humans. Finally, butyric and caproic acid 
are produced at low levels by the early infant microbiota, as shown above, 
further supporting a hypothesis of their deliberate enrichment in breast milk. 
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Another striking finding was the consistent and often strong correlations 
between infant and maternal levels of all SCFAs, with the sole exception of 
butyric acid. This correlation cannot be explained by similar colonic 
production of SCFAs, as the gut microbiota composition of young infants is 
substantially different to that of adults, with infants lacking the diversity of 
strict anaerobes characteristic of the adult microbiota and consequently 
generates a different distribution of SCFAs, as described above. Furthermore, 
the diet of young infants and their mothers is quite different, especially since 
almost all the infants in this cohort were breastfed (78% exclusively and 17% 
partially). Likewise, transport of SCFAs from mother to infant during 
pregnancy (295) cannot explain a correlation between infant and maternal 
plasma SCFA levels at four months postpartum, as the half-life of SCFAs in 
plasma is just a couple of hours (284). As well as being produced by the 
microbiota and consumed in the diet, endogenous production of SCFAs also 
occurs in the body. Formic acid is a source molecule for the one-carbon 
metabolism, and a whole-body loop exists for its endogenous production and 
regeneration (123, 124). Also, acetic acid in the form of acetyl coenzyme-A is 
a fundamental molecule in cellular metabolism (296), and succinic acid is an 
intermediate in the Krebs cycle (125). Therefore, it appears that tightly 
regulated uptake and/or endogenous production might keep plasma SCFA 
within certain limits, which may also be under genetic control. This notion is 
supported by unpublished data from a pilot study of a few children in the 
Farmflora cohort (not included in this thesis), which showed relatively 
constant concentrations of individual SCFAs in the plasma of children with 
increasing age (at birth (cord blood), four months and three years of age). 

The SCFA valeric acid, one of the longer SCFAs not produced in significant 
quantities until the microbiota has reached a certain level of complexity and 
anaerobiosis, was negatively related to allergy in all our three examined 
cohorts. Fecal valeric acid levels at 3 years of age were negatively associated 
with eczema at 8 years of age in FARMFLORA (Paper II) and fecal valeric acid 
at 12 months was negatively associated with eczema and possibly also food 
allergy at age 13 in the BAS cohort. Lastly, plasma valeric acid levels (along 
with other SCFAs) at 4 months of age were negatively correlated with 
sensitization and possibly also with food allergy at 12 months of age in the 
NICE cohort. Interestingly, median fecal valeric acid concentration was higher 
in children living on farms than in healthy non-farm children, and also higher 
in children with siblings, another factor that is associated with reduced risk of 
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allergy development (156). Rather scanty information is available regarding 
the effects of valeric acid, as most focus has been on butyric acid. As for other 
SCFAs, it is antimicrobial and therefore able to suppress populations of 
facultative anaerobes (140) and supports epithelial barrier function including 
upregulation of tight junction proteins (132, 297). Also, it upregulates keratin, 
which is a component of the intermediary filaments that are necessary to 
keep the shape and strength of epithelial cells (132). This is interesting with 
respect to valeric acid being particularly associated with the skin condition 
eczema, not only in the very young infants where this is the most common 
atopic condition, but also among the 13-years old adolescents in the BAS 
study. Although no in-vivo studies have been carried out to investigate an 
effect of valeric acid on tolerance development or allergy, it has anti-
inflammatory effects as administration of valeric acid or its esters to animals 
protects against colitis (132) and necrotic enteritis (135). Further, transfer of 
valerate-treated regulatory B cells together with naive T cells into Rag1-
deficient mice protects against colitis and experimental autoimmune 
encephalitis (147). Although a first wave of research into SCFAs focused 
primarily on acetic, propionic and butyric acid, as these are the most 
abundant SCFAs in the gut, interest in valeric acid has bloomed and valeric 
acid has now also been shown in rodents to heal radiation injuries (132), 
combat liver cancer (298), reduce liver cholesterol (299) and lower blood 
pressure (119), illustrating its systemic effects and further reinforcing its 
importance in the body. 

Apart from valeric acid, we observed that plasma concentrations of formic, 
succinic, iso-butyric, valeric and caproic acid in 4-month-old infants in the 
NICE cohort were negatively associated with sensitization at 1 year of age; 
acetic, succinic and iso-butyric acid were negatively associated with atopic 
eczema; and acetic and succinic acid were negatively associated with food 
allergy, with valeric acid and total SCFA concentration also tending to be 
negatively associated with food allergy. It cannot be excluded that there is a 
degree of reverse causation involved in these associations as allergic mothers 
had lower plasma concentrations of succinic, isobutyric, and to a lesser extent 
formic, propionic and total SCFAs compared to non-allergic mothers. In a 
family with allergic persons, the diet and lifestyle might be affected. 
Furthermore, an infant that has displayed certain signs of potential allergy 
may be put on hypoallergenic formula. An interesting finding was that the 
allergic mothers had lower levels of only two SCFAs in the breast milk, namely 
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butyric and caproic acid, the two SCFAs that were hundredfold enriched in 
milk compared to blood plasma. However, we observed no beneficial effect 
on allergy in infants whose mothers had more of any particular SCFAs in 
breast milk. 

Extremely preterm infants, born before 28 weeks of gestational age, live in an 
environment that lacks many of the types of exposures that promotes a rich 
microbiota. Not surprisingly, they had a markedly different gut microbiota as 
compared to infants born at term in the FARMFLORA cohort where obligate 
anaerobes made up around half of the total bacterial abundance (or >90% as 
determined by bacterial culture (Ljung et al, manuscript)) and became more 
dominant over time. In contrast, the gut microbiota of extremely preterm 
infants was almost entirely composed of facultative anaerobes until at least 
six weeks of age, as has also been observed previously (176). Coagulase-
negative staphylococci (CoNS) colonized almost all extremely preterm infants 
in the gut within a few days after birth and were highly prevalent over the 
following weeks. Colonization by Enterococcus, S. aureus and Klebsiella 
increased over time, as also did colonization by Enterobacter and E. coli to a 
lesser extent, although Enterococcus and E. coli were slower to establish than 
in term infants (when compared to the microbiota of term infants in the 
ALLERGYFLORA (31) and FARMFLORA cohorts (Ljung et al. in manuscript), 
studied using similar culture protocols), possibly reflecting more limited 
exposure to these bacteria in the NICU. From around 1 week after birth the 
infant gut microbiota was often dominated by one of these groups, although 
the composition was unstable and the dominant microbe(s) often changed 
between sampling time points a few days or a week apart. This instability 
might be due to antibiotic treatment (300), which was the factor that had the 
broadest impact on bacterial colonization pattern. Although total population 
counts of facultatives were similar in extremely preterm and term infants, 
enterococci were around 100 times more abundant in the extremely preterm 
gut, as also were Klebsiella and S. aureus by around 1 month of age although 
not before. Yeasts, namely Candida and Malassezia, were much more 
common in extremely preterm than in term infants, and were in fact more 
common than obligate anerobes, which colonized fewer than half of infants 
by one month of age. Among obligate anaerobes, spore formers from the 
genus Clostridium, most commonly C. perfringens, were more prevalent than 
bifidobacteria. Clostridial spores are ubiquitous in all environments, including 
in hospital and other very hygienic environments. In the absence of 
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colonization by bacteria transferred via feces, clostridia will be the dominant 
anaerobes (13). 

Our study also characterized the oral and skin microbiota of extremely 
preterm infants. As in the gut, CoNS were by far the most prevalent initial 
colonizers, indicating the transfer of skin bacteria from the parents, other 
family and staff. CoNS remained the most common microbial group on the 
skin up to six weeks of age, consistent with their high abundance in the 
healthy adult skin microbiota (10, 23, 24). In the mouth, although CoNS 
remained common, colonization by S. aureus and enterococci increased over 
time, as also did colonization by streptococci and in particular S. mitis, a 
typical inhabitant of the oral cavity (10, 11). Colonization by yeasts was 
common in both locations. 

The unique microbiota of extremely preterm infants could be the result of 
many factors, including developmental immaturity, medical treatments, 
higher rates of caesarean delivery in preterm infants, exposure to hygiene-
resistant bacteria in the hospital environment and lack of normal contact with 
family members. We found that antibiotic treatment, that was extremely 
prevalent in these infants, was the most influential factor with respect to the 
“NICU colonization pattern”. Thus, infants who were still on antibiotics when 
the sample was taken had a microbiota that differed in many aspects from 
infants who no longer received antibiotics. Apart from this, and independent 
of antibiotic treatment, was an effect likely due to prematurity per se, giving 
a more “immature” microbiota with less colonization by bifidobacteria. This 
was not due to an effect of caesarean section, because, quite to the contrary, 
the most extremely premature infants were almost always delivered 
vaginally, while those who were a little less premature were more often 
delivered by caesarean section, in line with the clinical guidelines in place in 
the NICU at Sahlgrenska University Hospital. Other factors, including in-utero 
exposure to clinical chorioamnionitis, maternal antibiotics, latency period, 
APGAR score and postnatal treatment with antifungals or steroids did not 
substantially influence gut microbiota composition, but a larger study might 
be needed to reveal an effect of these factors. 

Necrotizing enterocolitis (NEC) is a devastating disease of prematurity and is 
believed to arise from the immature physiology of the preterm intestine and 
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colonization by bacteria transferred via feces, clostridia will be the dominant 
anaerobes (13). 

Our study also characterized the oral and skin microbiota of extremely 
preterm infants. As in the gut, CoNS were by far the most prevalent initial 
colonizers, indicating the transfer of skin bacteria from the parents, other 
family and staff. CoNS remained the most common microbial group on the 
skin up to six weeks of age, consistent with their high abundance in the 
healthy adult skin microbiota (10, 23, 24). In the mouth, although CoNS 
remained common, colonization by S. aureus and enterococci increased over 
time, as also did colonization by streptococci and in particular S. mitis, a 
typical inhabitant of the oral cavity (10, 11). Colonization by yeasts was 
common in both locations. 

The unique microbiota of extremely preterm infants could be the result of 
many factors, including developmental immaturity, medical treatments, 
higher rates of caesarean delivery in preterm infants, exposure to hygiene-
resistant bacteria in the hospital environment and lack of normal contact with 
family members. We found that antibiotic treatment, that was extremely 
prevalent in these infants, was the most influential factor with respect to the 
“NICU colonization pattern”. Thus, infants who were still on antibiotics when 
the sample was taken had a microbiota that differed in many aspects from 
infants who no longer received antibiotics. Apart from this, and independent 
of antibiotic treatment, was an effect likely due to prematurity per se, giving 
a more “immature” microbiota with less colonization by bifidobacteria. This 
was not due to an effect of caesarean section, because, quite to the contrary, 
the most extremely premature infants were almost always delivered 
vaginally, while those who were a little less premature were more often 
delivered by caesarean section, in line with the clinical guidelines in place in 
the NICU at Sahlgrenska University Hospital. Other factors, including in-utero 
exposure to clinical chorioamnionitis, maternal antibiotics, latency period, 
APGAR score and postnatal treatment with antifungals or steroids did not 
substantially influence gut microbiota composition, but a larger study might 
be needed to reveal an effect of these factors. 

Necrotizing enterocolitis (NEC) is a devastating disease of prematurity and is 
believed to arise from the immature physiology of the preterm intestine and 
immune system combined with a particular microbiota. NEC is often 



Infant microbiota and short chain fatty acids 

 

preceded by an abundance of Proteobacteria in the gut (176, 177, 195) and 
the paucity of anaerobes in the microbiota of extremely preterm infants 
enable the facultatives to attain high population numbers. This was evident 
in our cohort, where Klebsiella was common in the gut microbiota and was 
also associated with subsequent NEC development (data not in thesis). Also, 
in order to increase colonization by anaerobes, certain probiotics including 
bifidobacteria are currently given to all preterm infants in Sweden born at >32 
weeks of gestation as a means to reduce the risk of development of NEC (176, 
197). Late-onset sepsis is also linked to microbiota composition. CoNS is a 
dominant cause of late-onset sepsis and may derive from the skin microbiota 
via indwelling catheters but translocation of CoNS from the gut microbiota 
has also been suggested (199-201). CoNS were the major cause of late-onset 
sepsis also in our cohort. An advantage of our study was that we studied 
commensal colonization not only in the gut, or on the skin, but simultaneously 
in the oral cavity, the gut and on the skin. CoNS were dominant across all body 
sites, and almost one in four infants was diagnosed with CoNS septicaemia, 
and a majority of the CoNS septicaemia strains could be traced back to the 
commensal microbiota of the skin, oral cavity and/or gut of the infected infant 
(Nowrouzian et al, in manuscript). The absence of a complex anaerobic 
microbiota facilitates the ability of dominant facultatives to translocate from 
the gut to the mesenteric lymph nodes and from there to the blood stream. 
Translocation over the oral mucosa has been less studied. However, in an 
animal model, translocation of oral bacteria to cervical lymph nodes was at 
least as frequent as translocation of gut bacteria to mesenteric lymph nodes 
(202). Thus, translocation of oral bacteria could possibly also result in 
septicaemia in preterm infants. Interestingly, we found that oral colonization 
by a certain group of CoNS was increased in extremely preterm infants who 
developed CoNS septicaemia (Nowrouzian et al, in manuscript). 
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Conclusion and future perspectives 
In summary, our studies have shown effects of traditional lifestyle exposures 
on the development of the gut microbiota and fecal SCFAs during early life in 
healthy infants born at term, some of which were linked in turn with lower 
risk of allergy in later childhood. These findings help bring us closer to 
establishing a molecular basis for the hygiene hypothesis. Also, our findings 
of enrichment of certain SCFAs in the mothers’ breast milk, although not 
directly linked to protection from allergy in our cohort, suggest a potential 
mechanism for health promotion and induction of immune tolerance in the 
infant. Interesting next steps would be to carry out in-vivo studies to evaluate 
the effect of oral supplementation of butyric, valeric and caproic acid on 
eczema, typically the first allergic manifestation in childhood.  

Our studies have also provided important baseline information on the 
development of the microbiota in extremely preterm infants, who are at high 
risk of morbidity and mortality from microbiota-related diseases of 
prematurity. We identified a pronounced effect of antibiotics on microbial 
colonization, supporting current efforts towards antibiotic stewardship. We 
also noted that colonization often began in the mouth (and in a parallel study 
in this cohort showed that oral colonization by certain microbes was 
associated with sepsis), suggesting that future interventions to modulate the 
microbiota of extremely preterm infants consider targeting the oral cavity. 
Finally, and consistent with previous knowledge, we observed that facultative 
anaerobes dominated the extremely preterm gut, likely contributing to 
pathogenesis of NEC and sepsis. Interesting next steps would be to carry out 
in-vivo studies to evaluate the effect of measures to suppress populations of 
facultative bacteria on these diseases, for example by enteral 
supplementation with antimicrobial SCFAs. 
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