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TIDLEG SOPP- OG BAKTERIEMIKROBIOTA | VEKST OG
ALLERGIRELATERTE SJUKDOMMAR
BARNETARMFLORA | VEKST- OG ALLERGIUTVIKLING

Det er ikkje tvil om at tarmflora er i vinden for tida. Endeleg har forskarar kunna djupdukke ned i
mikrobemiljeet i tarmen, for no har ein fatt mye betre metodar & gjere det pd. Tarmfloraen er det
gloymte organet fordi ein har visst om det lenge, men forst dei siste dra har forstatt at desse 1-2

kiloa av tarmbakteriar, tarmsoppar og andre tarmmikrobar faktisk paverkar oss.

Til no har ein sett mest pa korleis bakteriar i tarmen paverkar oss, men hos dei aller minste barna
er dette ikkje fullt utforska. Om tarmsoppen, som berre utgjer ein brekdel av tarmmikrobane, veit
ein enda mindre, og knapt noko hos barn. Denne avhandlinga omfattar tre studiar kor den forste
har skildra barnesoppfloraen hos barn fra 10 dagar til 2 &r og medrene deira. I studie to og tre har
ein sett pa om det er samanheng mellom sopp- og bakterieflora hos desse barna, med havesvis
vekstutvikling fram til 9 ar og astma- og allergiutvikling fram til 6 ar. Vi har analysert resultat fra
298 (studie 1) og 278 barn (studie 2 og 3) og deira madrer fra ProPACT-studien som vart
gjennomfert i Trondheim pa starten av 2000-talet. Der mélte vi mengda sopp- og bakterie-DNA,

og vi provde & finne ut kva for sopp- og bakterieartar det DNA-et kom fra ved a sekvensere det.

I forste studie sag vi at 88 % av medrer og 56-76 % av barna hadde péviseleg sopp i
avforingsprevene sine. Litt usikkerheit rundt utvinninga av sopp-DNA-et gjer at det kan vere
meir. Dessutan hadde barn hegare sjanse for a ha paviseleg tarmsopp om mor hadde det. Den
vanlegaste tarmsoppen hos spedbarna var Debaryomyces hansenii, ei mjolkegjer som 0g finst i
Jarlsberg. Hos dei sterre barna var bredgjera vanlegast (Saccharomyces cerevisiae). Vi klarte

berre & finne soppartar hos 4 % av barna, som gjer at desse resultata er usikre.

I andre og tredje studie fann vi at todringane med mye tarmsopp vart hegare mellom 2-9 ar, og
desse hadde 0g hegare sjanse for & utvikle astma og heoysnue fram til 6 &r. Dessutan fann vi at
meir sopp og bakteriar i tarmen hos eittdringar var tynnare forste levedret. Vi har med dette funne
ein samanheng, men det tyder ikkje direkte at ein blir hegare og allergisk av & ete ein godt gjera
bolledeig. Ein har likevel foreslatt at visse korte feittsyrer og hormon han henge i hop med vekst-

og astmautviklinga.

Dette er heilt nye eksperimentelle funn som ein treng a stadfeste i nye studiar for a4 kunne stole
fullt pa dei. Likevel peiker dei pa at tarmfloraen, og sarleg tarmsoppen, kan ha innverknad pa den

utviklande kroppen til barna som veks opp blant oss.
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1 INTRODUCTION

The microbes in the gastrointestinal tract, the gut microbiota, are sometimes called the
forgotten organ. This is because we have known its presence for a long time, but its effect on
the human body has not been known until recently. Although not formed by our own DNA,
this microbial community live with us in an inherent manner. With novel technologies
developed the latest years, researchers could suddenly explore the composition and effects of
the microbiota. The bacterial part of the microbiota has been most extensively explored as
these, by far, are the most abundant species in the gut. The fungal microbiota has also lately

gained scientific interest, but has remained less explored, especially in children.

Childhood growth and development of allergy are important aspects of paediatrics.
Children’s height and weight are closely monitored by the child itself, parents, and society to
ensure normal development and to detect diseases that impair growth. Furthermore, a global
surge of childhood overweight and allergy development is seen the last decades. There is now
great interest if some of these childhood pandemics could be associated with the fungal or
bacterial gut microbiota. If so, potential therapeutic agents could be developed to lower the

prevalence of these diseases.

This thesis has explored the development of the gut fungal and bacterial microbiota in
children and its associations with longitudinal growth, overweight and development of

allergy-related diseases.






2 BACKGROUND
GUT MICROBIOTA

The human gut microbiota, colloquially referred to as the gut (micro)flora, encompasses the
living microorganisms that co-exist within the human gastrointestinal tract. These
microorganisms include bacteria, archaea, protists, fungi, and viruses, and these organisms
thrive well within the gut since the gastrointestinal tract provides them nutrition and a

protective environment.

Over the last two decades, the gut microbiota has received increasing attention. Recent
calculations estimate the gut microbiota to some 40 trillion cells, which outnumbers the
number of human cells by approximately 1.3, ! substantially lower than previously believed. 2
The vast majority of these cells are bacterial (99 % of the gut microbiome is bacterial, 2) and
the adult gut microbiota is composed of approximately 160 different bacterial species per
individual with large variations between individuals. >3 Astonishingly, this microbial gene
pool (called the gut microbiome, related to the last syllable of ‘genome’) provides a gene
count multitude 150-fold larger than the human genome. > These properties make the gut
microbiota a bank of metabolic pathways that aid in the metabolism of non-degradable

substances.

The gut microbiota has probably co-existed with Homo sapiens since the human emergence.
Man and microbes live in a cunning symbiosis in the gut; the microbes are pathogens in the
proximal gastrointestinal tract, and yet they live in mutualism in the distal gut. * Since many
gut microbes are opportunistic pathogens, the human body depends on an active immune
system and shrewd barriers so that the microbes only get their share of the food and do not
invade the host. In return, the microbiota cleaves indigestible fibres to energy, produces
vitamins, aids in the immunological defence maturation, and finally protects the host against
pathogenic microbes. Hence, the description commensal (i.e., microbes benefit, whereas the
host is unaffected) might be unsuitable, at least for some species, and the term mutualism
(i.e., both species benefit) could seem more appropriate. * However, the price to pay is that
the microbes may turn pathogenic when the host immune control weakens. Abnormal gut
microbiota compositions among fungi and bacteria have been observed in people with

diseases, and this state of abnormal gut microbiota composition is termed dysbiosis.



In 2001, the Human Genome Project sequenced the human genome for the first time. © As an
extension of this project, the Human Microbiome Project (HMP) was founded in 2007, 7 with
the aim to sequence the human microbiome and discover whether there is a core microbiome
in all humans. Following HMP, in 2008, the EU sister project Metagenomics in the Human
Intestinal Tract (MetaHIT) was started with the objective to find associations between the
human microbial community structure and human health and disease. > As the sequencing
technology has improved and has become less costly over the last decades, these and other
studies have revealed some puzzle pieces as to how the gut microbiota interacts with the
human body. Still, there are many unanswered questions, and microbiota variations between
individuals and geography complicate the creation of a comprehensive and uniformly

processed database that can represent the human gut microbiome. ®



MICROBIOME METHODS

The microbial life was first revealed through the lens of Leeuwenhoek’s microscope,
illustrating the need for technology to study fungi and bacteria. The traditional method to
study these microbes has been with so-called culture-dependent methods. Isolation of the
microbe in a growth medium was needed before further investigations with microscopy,

biochemical testing, and growth media selectivity to determine the taxonomy. ° '°

In the last two decades, culture-independent methods have emerged and revolutionised the
field of microbiota research. Culture-independent techniques are primarily based on microbe
identification by recognising the specific microbe's DNA sequence and thereby omitting the
culturing bias. New DNA sequencing methods, called next-generation sequencing (NGS) or
high-throughput sequencing, have further developed conventional Sanger sequencing into a
faster and cheaper form of DNA sequencing, like Illumina, Roche pyrosequencing and Ion
Torrent technologies. RNA products from bacteria itself can also be sequenced and show the
presence of living microbes in the samples; however, it requires meticulous sample

preparations and more challenging analyses.

In principle, we divide microbiome sequencing into metabarcoding and metagenomic
sequencing (also called shotgun sequencing). '° In metabarcoding, a specific DNA segment (a
‘barcode’) is selected by choosing the appropriate primers for the actual study. In microbiome
studies, the ribosomal RNA gene segments that code for the ribosomal subunits are used.
These are relatively preserved within the biological kingdom and yet variable enough within
hypervariable regions to work as barcodes for each species. Since bacteria are prokaryotes,
their DNA codes for a bacteria-only 16S subunit of the ribosome (Figure 1). Eukaryotes like
fungi have an 18S ribosomal subunit instead. The hypervariable V3-V4 region of the 16S
RNA gene is widely used in bacterial sequencing, by which eukaryotic DNA is also

Eukaryotic rRNA gene

V1-V9

18S TTS1 5.85 TS 255-285

51

Prokaryotic rRNA gene

5 V1-V9 3’

Figure 1. Illustation of the ribosomal DNA used as identity markers in metabarcoding. The green boxes
show the DNA coding for the subunits in the ribosomes, and these are different in eukaryotes and prokaryotes.
V1-V9 are the hypervariable regions of the 16S/18S ribosome DNA sequence. The Internal transcribed spacers
(ITS) are intercalated between the 18S and 5.8 S ribosomal subunits and the 5.8S and 25S-28S.



excluded. In fungal sequencing, however, there has been no agreement on which primer pairs
are preferred, so sequencing of the 18S gene and the spacer regions between the subunit
genes, called internal transcribed spacer (ITS) 1 and 2, has been widely used. > !! By
sequencing a smaller part of the DNA as is done in metabarcoding sequencing, DNA from
more microbes could be sequenced and identified quickly and less costly than in

metagenomic sequencing.

In metagenomic sequencing, there is no selection of DNA segments to be sequenced. Here,
all sample DNA is cut into small pieces and sequenced. Thereby all sorts of DNA in a faecal
sample are sequenced, including DNA from human host cells, bacteria, archaea, fungi, and
plants. The DNA quantity to sequence becomes much larger, and the identification of rare
species, like fungi, would require a very deep sequencing that is not readily available.
Therefore, metagenomic sequencing is not widely used in gut mycobiota research yet. ' 1!

However, it could solve several of the challenges in mycobiota research.

The bioinformatic process comprises the conversion from short sequencing reads to
operational taxonomic units (OTUs) that are unique for each microbial strain. The OTUs are
then matched up with already known sequences in taxonomic databases; this process is called
annotation. The bacterial databases are now thoroughly processed, whereas the fungal

databases still contain several misclassifications. ' 1?
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FUNGAL MICROBIOTA IS CALLED MYCOBIOTA

A fungus (Latin and plural fungi) is a collective term for all yeast and mould organisms.
Since the 1960s, biologic taxonomy has defined fungi as a distinct biologic kingdom with
several characteristics that separate fungi from other kingdoms like bacteria, protists, archaea,
plants, and animals. Taxonomy is the study of species classification, and a taxon (plural taxa)

is a classification entity like a species or a genus.

Fungi are evolutionarily related to plants and animals as they all are developed from bacteria,
and thus they share specific characteristics. Like plants, animals and protists, fungi are
eukaryotic organisms (Greek eu — ‘well, good’, karyon — ‘kernel, core’) because the fungal
cell holds a nucleus, in which the majority of the cell’s genome is. The fungal genome
contains mainly intranuclear DNA, arranged in haploid chromosomes of various numbers (3-
40). In contrast, bacteria lack a cell nucleus and are defined as prokaryotes (Greek pro- —
‘before’, karyon — ‘kernel, core’). Fungi contain cellular organelles like the energy-producing
mitochondria; the ribosomes, endoplasmic reticulum, and Golgi apparatus essential for
protein synthesis; and lysosomes necessary in cellular degradation. Like animal cells, fungi
cannot convert energy from light in photosynthesis and are therefore dependent on absorbing
external energy. However, the fungal cells have a rigid cell wall like plant cells, made by

polysaccharides like chitin or chitosan and cross-linked with glucans.

Fungi are divided into yeasts and moulds based on their microscopic appearance. Y easts are
unicellular organisms that grow by splitting the cell in half (called nuclear fission) or by
extruding a part of the cell membrane into a new cell (called budding). This growth is seen in
Brewer’s yeast, Saccharomyces cerevisiae. Some yeasts may even form longer chains of
yeast cells called pseudohyphae (seen in Candida spp.). Moulds, on the other hand, grow in
string-like structures called hyphae. These hyphae form a macroscopic root structure called
mycelium, and this kind of growth is seen in Aspergillus spp. Some of the most pathogenic
fungi (genera Histoplasma, Blastomyces, Paracoccidioides and Coccidioides) may even take
the shape of both yeasts and moulds and are therefore called dimorphic fungi. Furthermore,
both yeast and moulds can reproduce asexually where new fungal spores are made my

mitosis or through sexual division where two cells undergo meiosis in spore formation.

Unknown fungi continue to be discovered at a high rate, and calculations show that only
about 5 % of all fungi seem to have been found, implying a total number of 2-4 million

fungal species out there. '* Like bacteria, fungi are ubiquitous in our environment, being
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present in the soil, organic materials, and the air. They have been important throughout
human history; their abilities were discovered early and exploited in human food culture like
bread, alcoholic beverage, ripened cheese, and other fermented products '*. The discovery of
penicillin, an antibacterial product of the air-borne mould Penicillium, was a medical turning
point '°. Also, the discovery of fungi as potential human pathogens revolutionised clinical

medicine.

Gut mycobiota

Being ubiquitous in our environment, fungi do readily get in contact with the human body
surface. Because the skin and mucosa are faced continuously with fungi, the epithelial
surfaces (skin, gastrointestinal tract, and urogenital tract) have developed their distinct
mycobiota. Similarly, bacterial microbiotas have established at different human epithelial

surfaces. ? Yet, the implications of mycobiota colonisation have not been fully elucidated.

The fungi that populate the gastrointestinal tract are called the gut mycobiota (Greek mykes —
‘fungus’; biota — ‘life’). The gut mycobiota has recently been recognised as a substantial part
of the gut microbiota and can be important for human health. > The gut mycobiota was
discovered over a century ago, '° but has remained largely unexplored until culture-
independent methods were developed. Using a culture-independent method, called shotgun
sequencing, of the adult gut microbiome, one has shown that only 0.1 % of the microbial
DNA is fungal. ® Although this percentage is debated and might be underestimated, gut fungi
are part of the gut's rare biosphere (microbial species of low quantity in an ecosystem). >°
Nevertheless, being eukaryotes, fungal cells are about 5 um in diameter, whereas bacteria

reach about 0.5-1.0 um across (although there is significant variation in size). Assuming the
volume of a sphere ( %m’S), the fungal cell are at least 100 times larger than a bacterial cell

and could comprise approximately 10-15 % of the gut microbiota volume. A larger cell could
produce more substances and affect its environment more than a small cell. Furthermore, as
eukaryotes, fungi have a larger repertoire of biochemical pathways than bacteria. Therefore,
the mycobiota influence on the host and remaining gut microbiota appears more significant

than the actual number of fungal cells implies.

The gut mycobiota consists of a species selection from approximately 100-200 different
fungal genera ' '®. Two extensive mycobiome studies with healthy American adults have
investigated the normal human gut mycobiota with culture-independent methods. In the HMP

cohort of 307 adults, the most prevalent gut fungi were Saccharomyces cerevisiae,

12



Malassezia restricta and Candida albicans, and in total 177 genera were detected (ITS2 as
primer target). ' In another study of 96 sequenced samples, the genera Saccharomyces,
Candida and Cladosporium were the most present, with a total of 63 genera (ITS1 as primer
target). 2° Only 29 fungal genera were present in both studies, indicating that several detected
genera might not be actual colonisers of the gut but mere transient microbes from food or the
environment. '* Studies using culture-dependent methods have proved the presence of living
microbiota in faecal samples, although with a surprisingly poor concordance of detected

species between culture-dependent and culture-independent techniques. 2! 22

The human gut mycobiota offers several physiological abilities to the human body by
facilitating nutrient extraction and digestion through enzyme and vitamin production. 2% 24
The gut mycobiota is also essential as a form of antigen exposures to train the immune
system and its responses. By activating the fungus-specific pathogen-recognition receptors
(PRRs) and adjacent mechanisms, defences against harmful pathogens and tolerance towards

helpful commensals are formed. 32527

13



FUNGAL AND BACTERIAL GUT MICROBIOTA IN CHILDREN

Microbiota diversity

The alpha diversity (a diversity) describes how many taxa that prevail in each sample. The
bacterial alpha diversity within each child’s gut increases as the offspring ages. 2® 2 It is
often calculated upon the species richness (number of species in a limited area) and the
relative distributions of the present species within the same ecosystem. 3° The alpha diversity

is commonly expressed in Shannon-index (H”) or Simpson’s reciprocal index.

The beta diversity (B diversity) expresses how diverse two samples appear in terms of
number and abundances of OTUs. *° The offspring's taxa distributions become more like each
other as the offspring grow older. 2% 2 This means that the beta diversity decreases by age
and is expressed with the Bray-Curtis dissimilarity index. Together, these diversity terms

show that bacterial communities become more complex yet more alike as the offspring age.

In contrast to bacteria, fungal diversity has been poorly investigated until recently. The fungal
alpha diversity is smaller than for bacteria as there are fewer gut fungal species, 3! and an
American study showed that fungal alpha diversity (Shannon index) actually decreased from
1-11 months. 2 There are yet no description of the development of fungal abundance from

birth to two years of age.

Foetal microbiota

The womb might not be as sterile as previously imagined. Bacteria have been detected in the
placental tissue, umbilical cord blood, amnionic fluid and meconium. 33-33 Placental
microbiota and amniotic fluid seem to contain mostly Proteobacteria (Escherichia coli) and

), 3333 and interestingly, the placental microbiome

Actinobacteria (Propionibacterium acnes
is most similar to the oral microbiome of the same pregnant women. ** This indicates
microbial transmission from the mouth to the placenta. The umbilical cord and meconium
microbiota show a different microbial profile with more Firmicutes (Enterococcus,
Staphylococcus and Streptococcus), but also P. acnes. However, the amniotic fluid and the
meconium share more than half of the same microbial species. > Summarised, the foetus is
possibly colonised already before birth and may be equipped with a microbial dowry
provided by its mother, although of relatively low counts. Alternatively, these findings could

merely represent contamination as the samples were collected. As to the presence of other

microbial kingdoms, including fungi, this has not been investigated yet.

14



Maturation of the infant microbiota

After birth, the new microbiota establishes and forms a new ecosystem within the infant’s
gut. The establishment is stepwise, and the steps are affected by mode of delivery,
breastfeeding or formula-feeding, the introduction of table food, weaning and diet. 32536 The
initial microbiota of vaginally delivered neonates is characterised by Enterococcus,

Escherichia/Shigella, Streptococcus and Rothia. 253

, illustrating an oxygen-rich
environment as several of these are facultative anaerobic bacteria. Bifidobacterium and
Bacteroides also establish (albeit at lower abundances) in the neonate gut, 2® two bacterial
genera that will increase in abundance later in life. Concerning fungi, a Puerto Rican neonatal
study (0-30 days of age, ITS2-sequenced) showed that the most prevalent neonatal gut fungi
were C. albicans, C. parapsilosis, C. orthopsilosis, C. tropicalis, S. cerevisiae and
Cryptococcus pseudolongus. ¥’ Culturing in neonates has shown a Candida spp. prevalence at
23 %, and it more than doubles to 50 % within four months. ' Even in premature infants,
Saccharomycetales seemed to be the most abundant fungi. **3° Candida albicans and
Malassezia spp. are shown to be partly transferred vertically from mothers to their offspring,
12,4041 supporting the theory that fungi colonise the neonatal gut through the birth canal.
Interestingly, highly abundant gut fungi, like Malassezia, Candida and Saccharomyces, were
found alive in most breastmilk samples, implying a reasonable path of gut fungi colonisation

from the mother to the offspring **. This illustrates that fungi and bacteria are present in

neonates, yet the significance of this is not established.

Immediately after birth, infants are breastfed (or get formula). This relatively homogenous
substrate forms a new environment, to which the gut microbes must adapt. Facultative
anaerobic microbes pave the way for anaerobic bacteria by depleting the intraluminal oxygen,
and by four months of age, infants host bacteria that are well-adapted to breast milk. *® Four-
month-old infants tend to host greater abundances of Actinobacteria (especially
Bifidobacterium), but also Bacteroides, Enterococcus and Streptococcus. **%° The breast-
milk contain antimicrobial molecules like IgA and miRNA, ** non-digestible
oligosaccharides that promote the growth of bacteria like Bifidobacterium, which also are
found to grow in breast-milk and functions as a living gut inoculum. * In a study with 18
healthy Italian children at 0-2 years of age, faecal culturing showed fungal presence in 89 %
and a higher fungal richness than in adults. The most prevalent genera were Penicillium,
Aspergillus and Candida. Most of these isolates could stand physiological conditions like

body temperatures, bile acids, acidic environment and stress testing with hydrogen peroxide,
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indicating that they are true commensals. > An American study showed that Malasseziales
were more abundant in the first three months of life, followed by a gradual succession of

Saccharomycetales. 32

As children are weaned and consume an adult-like diet, microbiota changes occur. 2% 364647

Firmicutes and Bacteroidetes, like Clostridia and Bacteroides, respectively, become more
prominent, 2® together with bacteria that produce short-chain fatty acids (SCFAs) acetate,
propionate and butyrate. ** *® The gut epithelium can then absorb these compounds as energy
and signalling substances. * During the chaotic 2-5 first years of life, the gut microbiota

finally stabilises to a consistent distribution that may last to adult age. 3

Adult-like or mature microbiota usually encompasses approximately 160 distinct species
with higher proportions of Bacteroidetes and Firmicutes, and lower proportions of
Actinobacteria, Proteobacteria and Verrucobacteria. 24473931 In adulthood, the microbial
species distributions show a significant inter-individual variation. °*3! There have been
attempts to find core microbiota patterns similar between individuals, and by ordination,
similar microbiotas have been clustered together in enterotypes. °' The presence of

enterotypes has been debatable and suggested renamed to biomarkers. 3

Summarised, the bacterial microbiota succession in infancy is well described, whereas the
establishment of the mycobiota needs to be further explored. Also, the health consequence of

the early microbiota needs to be established.
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DETERMINANTS OF THE EARLY GUT MICROBIOTA

Two of the most studied modifiers of the early microbiota are mode of delivery and diet.

Other modifying factors include genetics, gestational age, antibiotics, and health status. *

Mode of delivery. Vaginally delivered children are exposed to the mother’s vaginal and gut
microbiota in the birth process, in contrast to children delivered by Caesarean sections. This
is visible in the neonatal gut microbiota composition pattern. Neonates delivered by
Caesarean sections are enriched with Enterobacter, Haemophilus, Staphylococcus,
Streptococcus and Veillonella genera, *® implying a more aerobic environment like the skin or
mouth microbiome. This contrasts with those delivered vaginally, who harbour more
Bacteroides, Bifidobacterium, Parabacteroides and Escherichia/Shigella, *® species readily
found in the anaerobic adult gut microbiota. There can still be demonstrated differences by 12

3,28

months, particularly the Bacteroides genus show a delay in colonisation in the Caesarean

section group, indicating that at least some bacteria are primarily transferred through birth. 2
47,53

Breast milk or formula. By four months, exclusively breastfed offspring harbour taxa like
Lactobacillus and Bifidobacterium, *® bacteria that are specialised in utilising milk as an
energy source. A more adult-like microbiota is shown in formula-fed offspring, including
Clostridium, Akkermansia muciniphila and Desulfovibrio. 28,46 At 36 months, however, no
difference is found. *® Human breast milk contains several antimicrobial peptides. One of
these is lactoferrin, an iron-binding glycoprotein that inhibits the growth of several bacteria
and fungi, partly by the protein itself and proteolytic cleavage of this protein to other
antimicrobial compounds. 3% 3 Possibly, these peptides could impact the growth of microbes

in the gut during breastfeeding.

Antibiotics. Not surprisingly, antibiotic administration affects microbiota composition by
eliminating larger parts of the bacterial community. The effect is especially strong in early
life when the community is still unstable. 3¢ Overgrowth of Clostridium difficile is an
established side-effect of broad-spectrum antibiotics, but a loss of essential bacteria in early
life, like Bifidobacterium, is also seen. *® Furthermore, a transient faecal overgrowth of fungi
is seen after the use of broad-spectrum antibiotics. °”3® Several authors even suggest that the
association between antibiotic administration and obesity and allergy-related diseases could

go through gut dysbiosis due to antibiotics. >
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GUT MICROBIOTA IN HEALTH AND DISEASE

Efforts have been put into investigating if the microbiota has a role in human diseases. From
previous research, restoring a disrupted microbiota with faecal microbiota transplantation
(FMT) has been successful for recurrent Clostridium difficile infections. *° In inflammatory
bowel diseases (IBD), a lower microbial diversity is shown, together with reduced
proportions of Firmicutes (Roseburia, Faecalibacterium) and increased Proteobacteria, and

currently undergoing studies with FMT against IBD could indicate promising results. > ¢

Mycobiota has been associated with physiological and pathophysiological processes. For
some humans, fungi can have an unfavourable influence, and the term fungal dysbiosis
describes a state of unbalanced mycobiota related to disease. ¢! This phenomenon is most
extensively studied in immunocompromised patients who regularly contract opportunistic
commensal fungal infections, > and in patients with diseases like asthma, obesity and IBD. **
62-66 L ately, fungal dysbiosis was also seen in children who later developed type-1 diabetes
mellitus. ¢7 These findings imply that gut mycobiota could be aetiologically important in
human diseases. In the following section, the association between gut microbiota and human
longitudinal growth and development of overweight and allergy-related diseases will be

elaborated.

18



CHILDHOOD GROWTH AND EARLY GUT MICROBIOTA

Physical growth is a hallmark of childhood, and monitoring children’s growth regularly is an
essential clinical parameter to find chronic diseases in childhood. ® Linear and healthy
childhood growth velocity and weight increase are important markers of a child’s
development and depend on the genetic potential, healthy nutrition, functioning endocrine

systems, and disease absence. *-7°

Childhood height development has been extensively studied and divided into four different
growth phases, with specific hormonal growth regulators in each phase. > 7° The first phase,
foetal growth, describes rapid intrauterine growth and is regulated by insulin-like growth
factor I and II (IGF-1 and IGF-II) and insulin itself. From birth, infancy growth is mainly
programmed from the intrauterine environment and somewhat due to growth hormone (GH)
and thyroid hormones. Subsequently during the first year of life, childhood growth takes over
with a steady, annual growth declining from 25 c¢m in the first year of life to 4-6 cm towards
puberty. This growth phase is mostly dependent on GH, IGF-1, and thyroid hormones.
Infancy growth and childhood growth have a fascinating capability of catch-up or catch-
down growth so that a newborn small for gestational age can adjust to its genetic potential
within this period. Lastly, pubertal growth describes the final growth spurt, which is mainly

regulated by sex hormones. ®

Faltering growth may indicate ill-health including chronic disease or severe undernutrition in
childhood. Consequently, repeated childhood measurements plotted on percentile charts are
implemented at children’s health centres worldwide to identify children who grow too fast or
too slowly. ”! Height and body mass index (BMI) deviations can be described as the deviation
from a reference population by standard deviation scores (SDS, also called z-scores) by

which the deviation is adjusted for age and sex. 7

Longitudinal growth
Recently, a link between childhood growth and early gut microbiota has been suggested,

either through increased energy extraction or other metabolic interactions with the host. 774

In the livestock industry, low-dose antibiotic administration has been widely used as growth
promotors. 7° Due to increasing antibiotic resistance, the European Union banned using
growth-promoting antibiotics in animal production in 1999. Consequently, the use of yeast
cells and cell wall products of Saccharomyces cerevisiae emerged as an important growth

promotor. 7® Active dried yeasts (especially S. cerevisiae) as feed additive increased feed
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intake and the average daily weight gain in especially young ruminants and showed similar
growth-promoting abilities as low-dose antibiotic supplementation. ’® These abilities seem
particularly important in the weaning process, allegedly protecting gut microbiota from
pathogenic species. Furthermore, in mice, SCFAs, prominent bacterial metabolites, are
shown to increase the serum level of IGF-1, an important growth hormone. 77 Animal studies
could therefore indicate an association between gut fungal and bacterial microbiota, higher

SCFAs and longitudinal growth.

In children, gut microbiota dysbiosis is seen in environmental enteropathy and kwashiorkor,
two paediatric malnourishment conditions that lead to stunted height growth. ’*7* Here,
malnutrition and stunting (impaired growth) in Bangladeshi children at 6-20 months of age
have been associated with immature gut microbiota. ’® Accordingly, in healthy pre-school
children, height velocity was associated with certain Firmicutes spp. at three months and
higher gut bacterial diversity at 0-3 years. " 730 While early human antibiotic use may
predispose to later childhood obesity, ®! its possible effect on height velocity is less
elucidated. A Helicobacter pylori eradication study with one-week administering broad-
spectrum antibiotics in 6-10-year-old children showed increased height SDS by 20 % in the
intervention group, compared to the control group within one year, even when H. pylori was
not eradicated. ¥ The same antibiotics-height association was observed in a large Finnish
infancy cohort. 8! In two randomised-controlled trials in which preterm neonates (28-32
weeks and 30-37 weeks of gestational age, respectively) were supplemented with a probiotic
S. cerevisiae strain (S. boulardii), probiotic groups experienced greater weight gain than the
control group (length was not measured in one study and increased non-significantly in the
other). 838 Whether these growth-promoting associations are mediated by fungal growth,

SCFA or other aspects of the microbiota and its metabolites remain unexplored.

Weight development
Childhood weight is also supposed to increase linearly as the child ages, and missing weight
increase or rapid increase warrants investigation. Since weight is highly dependent on height,

BMI describes the relative body size as weight per square meter according to the formula

BMI = weight (kg)

= Cheight o))" In adults, BMI 18.5 to 25 kg/m? represents normal weight, 25 to >30
eight (m

kg/m? is overweight, and 30 kg/m? or more is obesity. These BMI cut-offs cannot be applied
in children because the normal BMI ranges decrease from one year to school-age before a

gradual increase up to adulthood. BMI cut-offs corrected for age and sex that represent the
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growth trajectory leading to BMI 25 and 30 kg/m? at 18 years of age have been developed,
so-called iso-BMI categories. ¥ Yet a continuous variable for BMI deviation is often sought
in research questions, and BMI standard deviation score (BMI-SDS) is widely used. The
score describes how far the BMI deviates from the age and sex-specific mean BMI, and

recently a Norwegian childhood growth reference was made. 86

Accelerated longitudinal growth in the first four years of life has been associated with
increased body size at nine years. The same connections are seen between higher birth weight
and rapid weight gain in infancy. 87 Paediatric (as well as adult) obesity is a global epidemic,
and childhood overweight and obesity (OWOB) have steadily been rising over the last 30
years, threatening the health of our young successors 8. In 2019, 38 million 0-4-year-old
children had OWOB and 340 million children from 5-19 years had OWOB in 2016; several
countries are approximating or even exceeding 30 % OWOB. % Although the previously
soaring figures now suggest stabilisation in at least the Western part of the world, the

stabilising levels of childhood OWOB are far too high and need to be lowered 33

Association with gut microbiota and OWOB. Studies on germ-free mice have established a
link between gut microbiota and the development of obesity. In 2006, by colonising germ-
free mice's gut (raised under sterile conditions) with facces from obese or lean mice donors,
those receiving obese-type faecal transplant developed increased body fat compared to those
receiving lean-type faecal transplants. °' Faecal transplant studies from human twins
(discordant for obesity) into germ-free mice have shown similar results. °* This implies a
causal link to the gut microbiota in obesity development. The pathophysiological hypotheses
are several. Microbiota can increase the energy extraction from undigested fibres and affect
molecular cascades that result in increased lipid storage, reduced lipid metabolism and
appetite hormone stimulation. It may also induce a systemic low-grade inflammation called

metabolic endotoxaemia that promotes fat accumulation and insulin insensitivity. 3

Great efforts have been put into investigating the bacterial diversity and taxonomy in humans
with weight gain, and human studies have reported both supporting and conflicting results. >
Metabolic diseases like obesity and diabetes mellitus type 2 have been associated with
aberrations in the gut microbiota. In adult humans (as well as in mice), reduced bacterial
diversity, a relative absence of the bacterial phylum Bacteroidetes, and a greater abundance
of Firmicutes seemed to correlate with obesity, although the results vary. °> %7 In a meta-

analysis, however, the bacterial gut microbiota of adults with obesity had lower alpha
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diversity, evenness, and richness. Still, they did not find evidence for taxonomic patterns

associated with obesity. **

Although not consistently associated with adult gut microbiota taxonomy, childhood OWOB
could be linked to early gut microbiota. Fewer studies have been conducted in children, but
some early gut microbiota patterns have been associated with childhood obesity. At three
months of age, the relative abundances of Firmicutes and Lachnospiraceae were positively
with early overweight and obesity, whereas Bifidobacterium spp. showed a negative
association. The microbiota's rapid maturation by six months of age renders a higher risk of
obesity at 18 months. *® At two years of age, the families Ruminococcaceae and
Lachnospiraceae (all adult-type bacteria) have been positively associated with later obesity,

whereas Faecalibacterium prausnitzii has been correlated to leanness. 7% %101

Concerning gut mycobiota, obesity and metabolic disorders have been associated with the
increased presence and abundance of Saccharomycetes, Dipodascaceae and
Tremellomycetes. 2. Both obesity and metabolic syndrome are pro-inflammatory states, and
Tremellomycetes are associated with higher inflammation levels. Accordingly, a lower
abundance of the ascomycotic Eurotiomycetes and notably less of the zygomycotic Mucor

spp. might protect against an unhealthy metabolic profile. ®*

The gut microbiota may therefore be associated with longitudinal growth and development of
overweight, although no distinct compositional patterns are found. In particular, the relation

to the mycobiota ought to be investigated.
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ALLERGY-RELATED DISEASES AND GUT MICROBIOTA

Allergy-related diseases comprise conditions like asthma, allergic rhinoconjunctivitis (AR)
and eczema. Like obesity, these conditions are also characterised by chronic low-grade
inflammation. They are aetiologically linked to allergy development, where the human
immune system develops a state of hypersensitivity against supposed harmless substances.
The allergy-related diseases usually emerge in a specific order, known as the atopic march.
Atopic children may typically develop eczema and food allergy during the first years of life,

whereas asthma and AR can often emerge later in life, before or during school-age. '

Over the last decades, the prevalence of allergy-related diseases has increased, rendering
these conditions the most prevalent chronic diseases in childhood. '% 1% In 6-7-year-old
children, the global prevalence of asthma, AR and eczema was 11.7 %, 8.5 % and 7.9 %,
respectively, and the increase has been particularly steep in developing countries. '*
Although genetic disposition is important, environmental factors are suspected to explain the
global surge in allergy-related diseases since the rise has happened over only a few decades.

Changes in the gut microbiota may be one of these. %3

Several risk factors for allergy-related diseases are also associated with the gut microbiota,
including mode of delivery, formula-feeding, antibiotics, urban living, less animal contact
and a Westernised diet with high fat and high carbohydrate intake. '°!% These risk factors
could also reduce or alter the gut microbial composition and thereby change the immunologic

exposure. 1%

Reduced gut bacterial alpha diversity and richness at one month of age have been associated
with eczema in the first year of life and later asthma. ' %% 119 Fyrthermore, some bacterial
taxa associated with breast-feeding, like Bifidobacterium and Lactobacillus, are
underrepresented in children by 1-3 months with later development of asthma or wheeze; **
" however, Bifidobacterium has also been seen overrepresented in allergic children at 8
years of age. ''? Furthermore, lower abundance of Prevotella and Coprococcus (potential
propionate- and butyrate-producers, respectively) is seen from infancy to school age in
allergic children. "> ''® This is in line with evidence that increased levels of the
immunoregulatory SCFAs butyrate and propionate in early life could protect against
development of allergy-related diseases. !'* Therefore, a timely succession from milk-adapted
bacteria to adult-associated bacteria seems to be present in those without allergy-related

diseases.
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The knowledge on mycobiota and development of allergy-related diseases are scarce,
however. Murine studies have hypothesised a link between gut fungi and asthma, as gavage
with specific fungi into the murine gut deteriorated allergic airway disease. ' In a small
Ecuadorian human study, increased fungal abundance at three months was associated with
atopic disease at 4-5 years. '!! In neonates, an increase of Candida was seen in those with

increased asthma risk at four years. 3

Fungi have a large repertoire of metabolite production; in fact, thousands of metabolites have
been isolated. Many of these fungal metabolites affect humans, some of the most well-known
being penicillin, cyclosporin A and statins. ''® Fungi can also produce metabolites that affect
the human immune system. Candida and Cryptococcus (and probably others) have been
shown to produce prostaglandins and leukotrienes, possibly to improve the fungal
environment. These could inhibit a Tul immune response and promote a T2 response,

13, 17-120 I these substances also are produced by the gut

although not proven in humans.
mycobiota, they could potentially affect allergy development. There could therefore be an
association between the early mycobiota and allergy development, but more research is

needed.

GUT PERMEABILITY AND INFLAMMATION

The gut mucosa needs to be impermeable for microbes to keep all opportunistic pathogens
away, and at the same time be permeable to absorb all available nutrients. Tight junctions
bind the mucosal cells together, and much of the nutrient absorption goes through active and
passive cellular channels. Since the gut mucosa is the place of contact between the gut
microbiota and the host, the gut mucosa immune system must be optimally adapted to
tolerate the commensal microbes in the lumen whilst simultaneously eliminate pathogenic

and invasive microbes.

A permeable gut mucosa, colloquially known as a leaky gut, signifies that more microbial
products cross the epithelial lining and produce a low-grade inflammatory response. This has
been observed in both asthma and overweight development, yet a causal association has not
been proven. '21"12* However, obesity confers a chronic low-grade inflammation, which is
closely related to metabolic endotoxaemia. '** This inflammation is an immune response

) 125
b

towards high levels of lipopolysaccharide (LPS, or endotoxin a part of the cell membrane

of Gram-negative bacteria. If LPS or other bacterial products cross the gut barrier and enter
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the circulation, such an inflammation could be formed and might contribute to obesity

development.

Two of the biomarkers for gut permeability are /ipopolysaccharide-binding protein (LBP)
and fatty acid-binding protein 2 (FABP2, also called intestinal-type FABP (I-FABP)). LBP is
part of the innate immune response that opsonises LPS when LPS crosses the gut barrier.
Thereby, LBP serves as a marker of metabolic endotoxaemia. '2® FABP2 is expressed in the
gut cells from the duodenum to the caecum and is believed to contribute in long-chain fatty
acid metabolism or transport. Being an enterocyte constituent, it serves a marker of gut
permeability at enterocyte turnover or damage. '?’ Higher circulating levels of both markers
are observed in neonatal necrotising enterocolitis, '2® but it remains to be investigated
whether markers of permeable gut could be connected to allergy development and

microbiota.

25



26



3 AlMS

This thesis aimed to study the early human gut mycobiota and the bacterial microbiota and
investigate their associations with longitudinal growth and development of overweight and
allergy-related diseases, two highly prevalent paediatric conditions associated with low-grade

inflammation. More specifically, the aims of each study were:

- To investigate the development of the early gut fungal and bacterial microbiota from ten
days and up to two years of age and to evaluate the transfer of mycobiota from mother to
offspring (Paper I)

- To study associations between early gut fungal and bacterial microbiota from ten days to
two years in a prospective cohort, and

o childhood height-SDS and BMI-SDS in a longitudinal cohort of healthy children
up to the age of nine years (Paper II)

o development of allergy-related diseases (Paper III),

o explore correlations between allergy-related diseases and biomarkers of increased

gut permeability (Paper III).
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4 MATERIALS AND METHODS

THE STUDY POPULATION
The Prevention of Allergy among Children in Trondheim (PACT) study is a large prospective

birth cohort of unselected healthy mothers and their offspring who were followed to identify
important aspects in the development of allergy-related diseases. Nested within the PACT
study, a selection of the participants joined the ProPACT study, a randomised, double-
blinded, placebo-controlled trial, in which one-half of the participants were randomised to
drink probiotics, and the other half to consume placebo probiotics. 2> 13 In this study, 415
pregnant women who attended the regular Norwegian Antenatal Care Programme at their
general practitioner or mid-wife from September 2003 to September 2005, were asked to
complete questionnaires on their health and risk factors and collect faccal samples from
themselves and their offspring. The study also included a clinical follow-up at 2 and 6 years.
Because of only minor short-term differences in the children’s gut microbiota, the two arms
of the ProPACT randomised-controlled trial were merged (more under ‘Merging the two

arms’) and the participants were followed like a prospective cohort study.

In Paper I, we selected 298 mother-offspring pairs with at least one pair of faecal samples
from mothers and offspring who participated in the ProPACT study (Table 1A). In Paper II
and III, we selected the 278 offspring that attended the clinical evaluation at two years of age,

together with their parents (Table 1B).

Table 1A. Participant characteristics in Paper I (N = 298)

Maternal age at delivery (years (SD)) 29.6 (+/- 3.9)
Caesarean sections 12.8 %
Probiotics users 49.4 %
Antibiotic therapy during pregnancy 72 %

Male offspring 46.4 %
Gestational age (weeks (SD)) 40.4 (+/- 1.5)
Birth weight (kg (SD)) 3.6 (+/-0.4)
Birth length (cm (SD)) 50.7 (+/-3.3)
Breast-fed at three months 97.1%
Formula-fed at three months 6.5 %
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Proportion of children receiving antibiotic treatment

within 6.3 %
- 6 weeks: 172 %
- 1 year: 44.4 %
- 2 years:

Table 1B. Participant characteristics in Paper II and III (N = 278)

Participant characteristics nf
Girls, n (%) 149 (53.6) 278
Caesarean section, n (%) 35(12.8) 273
Birth weight, g, mean (SD) 3633 (486) 278
Birth length, cm, mean (SD) 50.5(1.9) 242
Gestational age at birth, weeks, mean (SD) 40.3 (1.6) 274
Months of breastfeeding, months, mean (SD) 11.0 (4.6) 260
Antibiotics administration, n (%)

- within 6 weeks 6(2.5) 241
- within 1 year 35(13.6) 258
- within 2 years 166 (41.7) 278
Glucocorticoid inhalations before 2 years, n (%) 4(1.4) 278
Eczema within 6 years, n (%) 53 (24.7) 215
Allergic rhinoconjunctivitis within 6 years, n (%) | 22 (10.6) 207
Asthma within 6 years, n (%) 10 (4.0) 221

TNumber of observations included in the analysis. SD — standard deviation.

The parents completed questionnaires concerning the child's home environment at 36 weeks
of gestation, after 6 weeks, 1 and 2 years after birth, and questionnaires on child health at 1, 2
and 6 years. These included mode of delivery, length of breastfeeding, antibiotics
administration to mothers and offspring and gestational age. Although we do not have details
on the antibiotic administration in the offspring before 10 days of life, no offspring delivered
by Caesarean section received antibiotics during labour, but one developed septicaemia
afterwards and was treated accordingly. Also, a clinical evaluation of allergy-related diseases
was performed by a paediatrician at 2 years of age and by research assistants at 6 years of

age.
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The probiotic milk administration was double-blinded and randomly provided to one-half of
the pregnant population from 36 weeks of gestation until 3 months after birth. The probiotic
milk contained 5 x 10'° colony-forming units (CFUs) of Lactobacillus rhamnosus GG
(LGG), 5 x 10'° CFUs of Bifidobacterium animalis subsp. lactis Bb-12, and 5 x 10° CFUs of
Lactobacillus acidophilus La-5 per day. The remaining half received placebos in the form of

heat-treated fermented skimmed milk with no probiotic bacteria.

Merging the two arms

Data from the probiotic and placebo arm of the ProPACT trial were included in the current
study. Previous analyses of the ProPACT study have shown a 49 % reduction of cumulative
incidence of eczema within 2 years of age, but not for asthma or AR. '?° Previous analysis of
the infant stool samples has indicated that only LGG appears to be transferred from mother to
child. Although we observed greater abundance and presence of LGG at 10 days and 3
months in infant stool samples from the probiotics group, the relative abundance of LGG was
still low and did not persist to 1 and 2 years of age. '3° Apart from that, there was no observed
difference in the bacterial microbiota composition nor the bacterial alpha diversity between
the intervention and control groups. Since the stool samples' overall microbial compositions
were unaffected by the maternal supplementation, we pooled the probiotic and placebo arms

of the ProPACT trial.

Faecal samples

A total of 1516 faecal samples from mothers and offspring were selected in Paper I (Table 2),
and 1015 samples from offspring were used in Paper II and I1I. Maternal samples were
collected at 35-38 gestational weeks of pregnancy and 3 months postpartum. Offspring faecal
samples were obtained at 10 days, 3 months, 1 year and 2 years, and they were sampled from
the diapers. Faecal samples were collected from the diaper by parents, with an enclosed
spoon as sampling equipment and stored in a tube with 10 mL Cary Blair transport medium
(approximately 20 times dilution). Samples were immediately frozen to -18 °C at home and
held in a frozen state before transport to the laboratory for storage at -80 °C before further

analyses.

Anthropometrics
The information on height and weight in childhood were collected at routine visits in child
health centres and school health centres as a part of the Norwegian Child Growth Monitoring

Programme.
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Height was measured supine when less than 2 years of age and standing thereafter with a
stadiometer. Weight was measured with a digital weight, according to Norwegian guidelines
for child health centres. We collected height, weight, and BMI measurements, which were
converted to SDS (z-scores) based on a sizeable Norwegian child population reference. ’> The
SDS were adjusted for age and sex, so the expected value for a given age at a given sex was
0. Accordingly, values within 2 and -2 SDS correspond to 95 % of the normal population. We
identified those measurements where height-SDS and weight-SDS were < -3 and >3, and
those where height decreased in two consecutive measurements. These measurements were
evaluated against the growth curve, and 82 data points were excluded when it was obvious
that the identified measurements were wrongly recorded. Furthermore, we modelled all

growth curves for inspection to secure good-quality data.

Allergy-related diseases

Current eczema (within the last year) at 2 or 6 years was defined according to The U.K.
Working Party’s diagnostic criteria for atopic eczema. 3! 132 Ever eczema at 2 or 6 years was
defined using the questionnaire responses if the parents reported that the child had ‘ever had
eczema’ and ‘ever had a recurring itchy rash during 6 months’. Similarly, asthma and AR
were defined using the questionnaire if the parents reported that the child was ‘ever
diagnosed with asthma by a physician’ for asthma and ‘ever had hay-fever, allergic rhinitis or

allergic conjunctivitis’ for AR.

Ethical considerations

The parents signed an informed consent at inclusion and were once more informed when the
anthropometry data were drawn, with the ability to withdraw, which two participants did. The
study protocol was approved by the Regional Ethical Committee of Central Norway

(2014/1796). Trial registration at Clinicaltrials.gov NCT00159523, registered 08.09.2005.
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METHODS

Table 2B. DNA quantification and ITS1 rRNA gene region sequencing of faecal samples

(study I)
Pregnant Postpartum 10 days 3 months 1 year 2 years Total
All faecal samples (count) | 248 253 274 246 247 248 1516
Detected fungal ITS1 221 (89 %) | 220 (87 %) 153 (54 %) | 148 (60 %) | 163 (66 %) | 189 (76 %) | 1094 (72 %)
Sequenced samples 47 (19 %) 27 (11 %) 28 (10 %) 4(2%) 7 (3 %) 12 (5 %) 125 (8 %)
Passed rarefaction and 28 (11 %) 25 (10 %) 15 (6 %) 42 %) 7 (3 %) 11 (4 %) 90 (6 %)
taxonomic classification

Table 2B. rRNA gene quantification and 16S/ITS1 rRNA gene region sequencing of

faecal samples (Paper II and III)

10 days 3 months 1 year 2 year Total
All faecal samples (count) 274 246 247 248 1015
Detected bacterial DNA (16S rRNA gene region) 266 (97 %) | 243 (99 %) | 247 (100 %) 243 (98 %) 999 (98 %)
Sequenced 16S rRNA V3-V4 gene region amplicons 178 (65 %) 193 (78 %) 216 (87 %) 170 (69 %) 757 (75 %)

(after rarefaction)?

Detected fungal DNA (ITS rRNA gene region)

153 (54 %)

148 (60 %)

163 (66 %)

189 (76 %)

653 (64 %)

Sequenced ITS gene region amplicons (after

rarefaction)®

15 (6 %) 102 %)

76 %)

11(4 %)

37 (4 %)

2 Samples were sequenced if the qPCR cycle threshold was < 35 cycles to provide reliable results in the

sequencing procedure. Few samples were excluded due to rarefaction.

DNA extraction and quantification

The faecal samples were homogenised before DNA was extracted using a bacterial DNA
extraction protocol that involved mechanical and chemical cell lysis, 47 as no fungal protocols
for faccal DNA extraction were validated. The stool samples were homogenised by bead-
beating with acid-washed glass beads (Sigma). We isolated the DNA with an LGC mag
nucleic extraction maxi kit (LGC Genomics, Middlesex, UK) together with a KingFisher
FLEX magnetic particle processor (ThermoScientific, Waltham, MA) according to the

manufacturer’s recommendations, including a negative control as contamination control.

We used different primers for bacteria and fungi to quantify the bacterial and fungal
abundances with quantitative PCR (qPCR). The primers targeted against bacteria (V3-V4 part
of the 168 ribosomal RNA gene region) '3* were PRK341F (CCTACGGGRBGCASCAG)
and PRK806R (GGACTACYVGGGTATCTAAT). We used LightCycler gPCR (Roche)
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with thermocycles comprising 95 °C in 15 min, then (95 °C for 30 s, 55 °C for 30 s, 72 °C for
45 s) x 40. For each qPCR plate, we included positive and negative controls (Escherichia coli

and sterile water, respectively).

The fungal internal transcribed spacer 1 (ITS1) amplicons, placed between the 18S and 5.8S
rRNA gene regions, were constructed using the primer pairs ITS1F
(CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC),
according to Tang et al., !" with a LightCycler gPCR. We used thermocycles of 95 °C in 15
min, then (95 °C in 30 s, 56 °C in 30 s, 72 °C for 45 s) x 50. Positive and negative controls
(S. cerevisiae and sterile water, respectively) were included for each qPCR plate. The qPCR
cycle threshold (CT) value cut-off for fungal detection was set to either within the value of
the negative control or 45 cycles because our experience suggests that DNA quantification
beyond 45 cycles may produce misleading results. The qPCR CT values were converted to
fungal and bacterial DNA concentration using standard curves for CT values with measured
DNA concentrations (described in the Statistics section). Ultimately, these DNA

concentrations were used as markers for absolute abundance in these studies.

Sequencing of bacterial and fungal rRNA gene amplicons

We used the bacterial 16S rRNA gene region amplicons that were sequenced with [llumina
MiSeq in three runs in a previous study by Avershina et al. 4 Next, we sequenced a selection
of the fungal ITS1 rRNA gene region amplicons with [llumina MiSeq. Since many of the
samples had low ITS DNA quantities, we chose to sequence the ITS1 rRNA gene region in
only those with sufficiently high ITS DNA quantities. An upper cycle threshold (CT) cut-off

value of 35 was applied to ensure good quality amplicons.

For the sequencing preparation, we measured the ITS DNA concentrations of the 125
selected ITS DNA samples from mothers and offspring (in addition to four positive and four
negative controls) with FLx 800 cse (Cambrex), normalised with a Biomek 3000 (Beckman
Coulter) and prepared for amplicon sequencing using Illumina MiSeq v3 600-cycle
chemistry, according to the producer’s instructions. Four positive and four negative controls
were also included in the library. The library was quantified using a Droplet Digital PCR
(ddPCR, BioRad) and then diluted to a concentration recommended for sequencing. We then
performed gene paired-read sequencing of the ITS1 rRNA gene region on a MiSeq platform

(Illumina).
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The sequencing of the ITS1 rRNA gene region produced 3 722 830 quality-filtered reads
(median 16 355, minimum 3, maximum 119 46). The children samples included 1 576 611
quality-filtered reads (median 16 367, minimum 3, maximum 119 463). From the bacterial
sequencing of children, we obtained 21 018 190 quality-filtered reads (median 7 172,

minimum 10, maximum 169 024).

We used the QIIME (Quantitative Insights into Microbial Ecology) pipeline for quality-
filtering and diversity estimation, and the UPARSE algorithm was used for OTU clustering
for both bacterial and fungal reads. '3* For fungal results, we applied a rarefaction cut-off of
6000 reads per sample to retain as many samples as possible whilst maintaining an even
representation. For bacterial sequencing results, a rarefaction cut-off of 2000 reads was
applied. ¥’ The final dataset comprised 100 fungal samples with more than 6000 sequences
per sample and a total of 214 OTUs. Ten of the samples were later discarded due to incorrect
inclusion criteria, resulting in the inclusion of 90 samples in the analysis (Table 2). Only 37
samples from offspring were sequenced for fungi since they contained lower abundances of
ITS1, and only three of the participating children had repeated sequencing results, all at 10
days and 2 years. 1315 OTUs were obtained from 26 bacterial classes.

Annotation

Since there was no well-established quality annotation database designed for mycobiota
taxonomy assignment at present, and because fungi are often subject to misclassification, we
used a conservative concordance system for the taxonomic annotation. We compared the
OTU sequences with four databases as follows: GenBank (NCBI, > 97 % identity and E-
value < 107%); the Warcup Fungal ITS and UNITE Fungal ITS (User-friendly Nordic ITS
Ectomycorrhiza Database with a bootstrapping threshold of 80 %) through the Ribosomal
Database Project (RDP) Classifier (https://rdp.cme.msu.edu/classifier/classifier.jsp); and the

Targeted Host-Associated Fungi ITS Database (THF), ' which was specially curated for the
gut mycobiome. A concordance of at least three of these databases at the lowest taxonomic
level or two databases together with a justifiable reason was determined as sufficient
qualification for final assignment of each OTU. We followed the recent taxonomic
reclassification for the fungi by manually curating the classification of OTU-representative
sequences with Index Fungorum as the reference. '*° Bacteria were read-assigned with

Greengenes v13.8. 47
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STATISTICS

Microbial abundances
The fungal ITS copy concentrations were right-skewed and therefore log-transformed to

obtain a normal distribution.

For samples without quantifiable fungus levels (CT > 45, 260 samples), the abundance per
mL was set to half of the negative control for the purpose of analyses in Paper III, as the
information of low fungal abundance in these samples was meaningful in the study. A further

102 fungal samples could not be analysed due to technical issues and were thus excluded.

Standard curve calculation

A standard curve was made to convert the qPCR CT values into bacterial 16S and fungal ITS
copy concentrations in the faecal samples. Establishing the standard curve for bacterial and
fungal concentrations was done separately. We created a positive control of known bacterial
or fungal concentration that was integrated into the analyses. For bacteria, the positive control
was purified DNA from a cultured E. coli strain, solved in nuclease-free water. For fungi, the
positive control was made by carefully dissolving a commercially produced fresh baking
yeast block consisting of a S. cerevisiae strain into nuclease-free water. Then, we extracted
the DNA in the same manner as the DNA from the faecal samples. Next, we quantified the
DNA concentration of the positive controls with Qubit (Thermo Fisher Scientific). Finally,
we calculated the concentration of 16S or ITS copies in the positive controls based on its

mass.

Then, we made three dilutions of the positive control, which we included in all gPCR plates.
We quantified the CT values of these dilutions with the qPCR in the same way the faecal
sample CT values were quantified, and after that we used the average of the CT values to
make a linear standard curve. Since the positive controls were diluted by tenths, we used the
logarithmic function of the ITS concentration to obtain a linear standard curve. The standard

curves made it possible to convert CT values to 16S concentrations and ITS concentration.

Statistics of microbial compositions

The research on the gut microbiome has expanded quickly in recent years, with the
development of statistical analysis for microbial data. '*® OTUs, which are compiled DNA
reads from the bioinformatic process originating from a specific microbial strain, were
analysed against parameters of interest. In Paper I, the diversities and OTU abundances

between the groups were analysed with non-parametric Mann-Whitney U tests and Kruskal-
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Wallis tests, as abundance distributions of the taxa were not normally distributed. By this, we
disregarded the potential within-subject correlations; nevertheless, a non-parametric test for
repeated measurements, i.e. Friedman’s test was not applicable due to the low numbers of
observations in some groups. We controlled the false discovery rate of the non-parametric

analyses through the Benjamini-Hochberg procedure.

The newly developed Analysis of Composition of Microbiome (ANCOM) method is a more
sophisticated statistical composition analysis that considers that the faccal sample only
constitutes a small sample from the total gut microbiome. In simple terms, it uses the log-
ratio of all taxa to provide a reference against the specifically analysed taxon and controls the
false discovery rate to 0.05. Zero-prevalence cut-off was at 0.9, corrected for multiple
comparisons by the Benjamini-Hochberg procedure and dichotomised into high and low SDS
for height and weight at 0 SDS. This was applied in Paper II. Lately, the ANCOM analysis

has also been extended to handle repeated samples as well. '3¢ 137

In Paper 111, the Linear discriminant analysis effect size (LEfSe) was used. This is specially
made for microbiome analyses to determine which taxa will likely explain differences
between groups using the relative abundance. It combines non-parametric tests (Kruskal-

136, 138 and

Wallis test and Mann-Whitney U test) with a linear discriminant analysis,
estimates the effect size of the taxa that statistically differ significantly. The threshold LDA

score was 2.0, and a correction for multiple testing was included.

Ecological ordination methods separated the microbial taxa in a principal coordinates
analysis (PCoA). This method tries to explain the multi-dimensional taxonomic variability of
the samples into usually two dimensions. Samples of similar taxonomic composition will be

put closer together than those of mostly different taxonomic compositions.

Mixed model analysis for microbial abundance

The fungal DNA data from the offspring samples were analysed using a linear mixed model
for the fungal DNA concentration, and a mixed logistic regression for the presence of fungal
DNA. A linear mixed model is a multi-level statistical model akin to linear regression.
However, the model can handle non-independent data like repeated measurements using
random effects, meaning that the model can be adjusted for random variables (like
individuals having several consecutive measurements). Furthermore, a mixed model could
also be adjusted by fixed effects, i.e. non-random parameters over which the group varies.

Like a linear mixed model that needs continuous outcome values, a mixed logistic regression
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is a multi-level model that handles dichotomised outcome values. The models included a
random intercept for mother-offspring pair and age, maternal fungal DNA
concentration/presence, mode of delivery, and maternal probiotic intervention were used as
covariates. The effect of antibiotic use was studied in a separate model because we lacked
information on the use of antibiotics within 10 days of life. The interaction terms were

investigated and included in the final analyses if significant.

Multiple linear regression analyses were performed for independent data to test the

associations between the fungal DNA abundance and clinical characteristics in Paper 1.

Anthropometric analyses

Linear mixed models were used to evaluate the association between fungal and bacterial
abundance and diversity, and height-SDS and BMI-SDS. Then, we tested microbial
abundances and diversity against mode of delivery, breastfeeding, and duration of
breastfeeding with linear mixed models. We tested the models for interaction between
abundance or diversity, antibiotic administration, and age, which did not change estimates
and were therefore not included in the final model. Furthermore, neither probiotic
supplementation nor Caesarean section did show associations with height- or BMI-SDS and
was not in the model. We divided the growth data into three age groups based on the
Karlberg model (0-1 year, 1-2 years and 2-9 years), "° as these growth periods have different

growth characteristics.

Allergy-related diseases

The associations between fungi and bacteria abundances at all four time points were
evaluated against the development of asthma, AR, and eczema within 6 years. We used
logistic regressions since the outcome measures (allergy-related diseases) were dichotomised

values (healthy or affected).
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To explore the causal direction between fungal abundance and development of allergy-related
disease, we developed a model to approach the associations between fungal abundance and
allergy-related diseases. Because we had collected faecal samples from four different time
points and information on during which period the allergy-related diseases were developed,
we could estimate which of these came first. Although this analysis could not determine
causality, it could indicate the direction of the association. This type of sub-group analysis
required a large sample size. Therefore, we chose to use eczema development as the model
for allergy-related diseases since this was the most prevalent condition in our study sample.
In the first part of the analysis, we used logistic regressions to investigate whether those with
higher bacterial or fungal abundances had higher risks of developing eczema by 2 years, if
they had not developed eczema at the time the faecal sample was collected. This is illustrated
in Figure 2 by grey arrows. For instance, is there a higher risk of developing eczema between
3 months and 2 years of age if there were higher fungal abundance levels at 3 months? A
result in this part of the analysis would indicate that higher microbial abundance preceded
eczema development. For the last part of the analysis, the outcome measure was development
of eczema from 2 years and up to 6 years in those without eczema up to 2 years of age, as the

last faecal sample was collected at 2 years of age.

-4 weeks Birth 6 weeks 3 months 1 year 2 years
& | [ 1 | .
“—T— 10—
Maternal probiotic supplementation N=278
Logistic regression N
>
Development of eczema Eczema (n = 18) [~ Linear regression

from birth until 3 months Logistic regression

No eczema (n = 194)

v

Development of eczema Eczema (n =41) " Linear regression
i i isti
from birth until 1year N aiaray (n - 171) | Logistic regression >
Eczema (n = 44) = Linear regression

Development of eczema
from birth until 2 years

vy

No eczema (n = 168)

A :
Logistic regression for
...O Faecal samples eczema up to 6 years

Figure 2. Causality analysis. Overview of how the causality analysis between fungal and bacterial abundances and eczema
was performed. Linear regressions were used to estimate if eczema diagnosed at or prior to each timepoint predicted fungal
or bacterial abundance at that timepoint. Logistic regressions were used to estimate if fungal or bacterial abundance at each
timepoint predicted eczema up to 2 years (6 years for the lowest analysis) among those with no history of eczema by that
timepoint. The figure is modified from Paper III, which is only submitted and not subject for copyright.

The opposite situation was considered in the second part of the analysis. Here, the change in
microbial abundances was evaluated by linear regressions, based on whether the child had

developed eczema by the time of the faccal sample collection. The coloured braces illustrate
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this in Figure 2. For instance, are there higher fungal abundances in the faccal samples at 3
months of the children that already had developed eczema within 3 months, than those that

had not?

Statistical programmes

The statistical analyses were conducted using MATLAB 2016a (The MathWorks, Inc.),
STATA 14 and 16 (StataCorp) and SPSS Statistics version 23.0 (IBM). The diversity indices
were computed using the Norwegian programme PAST. '* The microbial calculations and
heatmaps were conducted in R using PhyloSeq. '*’ The OTU analyses in article II were

performed in R, and in Paper III at the online Galaxy module. '*3

Significance level

The significance level was set to a = 0.05. In the two first articles, the statistical significance
was presented with 95 % CI and a p-value together with the effect estimate. However, a p-
value is redundant in the presence of a 95 % CI. Due to the tendency to omit the p-value in
scientific papers, the p-values were excluded in Paper III to emphasise the CI. The p-value
only describes the probability that the test shows the observed result or more extreme, given
that the null hypothesis (Ho) is true. In addition to this probability, a CI also illustrates the
analysis's precision by a narrower range indicating a closer approximation to the effect

estimate (if it does not involve 0/1, depending on the type of statistical test).
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5 SYNOPSIS OF RESULTS

FUNGAL ABUNDANCE AND DIVERSITY IN OFFSPRING AND
MOTHERS

In Paper I, we sought to explore the gut mycobiota of pregnant mothers and their offspring

and look at the mother-offspring relation to mycobiota transfer.

In the subgroup of 298 participants with faecal samples in mothers and offspring, 88 % of
mothers and 56-76 % of children had detectable gut fungi in their faecal samples (Figure 3,
left). The fungal abundance was highest in samples of pregnant mothers, whereas there was a
tendency to a higher fungal abundance at 10 days and 2 years of age, than at 3 months and 1

year of age, although this did not reach statistical significance (Figure 3, right).
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Figure 3. Detection of fungal ITS DNA (left). The counts of samples with detected and non-detected fungal ITS DNA for each age
group. The detection limit was set to a higher fungal ITS concentration than the negative control or within a CT value of 45 cycles.
Fungal ITS DNA concentration in maternal and offspring faecal samples (right). A scatter plot of the fungal ITS DNA
concentrations (log ITS copies per mL, mean and 95 % CI). The concentration of the ITS copies quantifies the amounts of fungi in the
samples. The figures are printed from Paper I, distributed under Creative Commons Licence.

We also showed that an offspring had increased odds (OR = 1.54, 95 % CI 1.01 to 2.34) of
having detectable gut fungi if the mother also had detectable gut fungi. The association was
strongest 10 days after birth. In the sequenced samples, the mycobiota alpha diversity was
smallest at 10 days and increased with age. However, the beta diversity was at its highest in
faecal samples 10 days after birth. At 10 days and 3 months after birth, Debaryomyces
hansenii was the most abundant species, and Saccharomyces cerevisiae became the most
abundant species after weaning. The compositional diagrams are shown in the appendix

(Figures S1A-C).
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EARLY GUT MICROBIOTA AND CHILDHOOD GROWTH

In Paper II, we studied the relationship between the gut fungal and bacterial microbiota from

birth to 2 years of age, and height and
BMI development from birth to 9 years of

age.

In the subgroup of 278 children with
faecal samples and clinical follow-up, we
found that fungal abundance at 2 years of
age was positively correlated with height-
SDS between 2 and 9 years of age (f =
0.11 height-SDS; 95% CI 0.00 to 0.22)
(Figure 4A). Fungal abundance did not,
however, show an association with BMI-
SDS in the same age group. In the first
year of life, we observed a lower BMI-
SDS in those children with higher fungal
abundance in faecal samples collected at 1
year of life (f =-0.10 BMI-SDS, 95% CI
-0.20 to 0.00) (Figure 4B). Similarly,
higher bacterial abundance and bacterial
diversity at 1 year of age were associated
with lower BMI-SDS in the first year of
life (f = -0.13 BMI-SDS, 95% CI -0.22 to
-0.04; and f =-0.19 BMI-SDS, 95% CI -
0.39 to -0.00, respectively). We found no

relation to the use of antibiotics or probiotics.
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Figure 4. Height-SDS and BMI-SDS and microbial abundance as predicted
linear associations. A) Prediction of height-SDS at 2-9 years for fungal and
bacterial abundance. B) Predictions of BMI-SDS at 0-1 year for fungal and
bacterial abundances. The predictions are shown as lines and the coloured areas
cover the 95% CI. The bacterial abundance prediction model for height-SDS
remains statistically non-significant. The figures are printed from Paper II,
distributed under Creative Commons Licence.

Compositional diagrams are shown in the appendix (Figures S2A-B). For microbial taxa

ANCOM analyses, we found a negative association between the relative abundance of

Bifidobacterium longum at 2 years of age and height-SDS from 2 to 9 years.
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Fungalfbacterial abundance at 2 yrs (IgITS/mL or lg163/mL)

EARLY GUT MICROBIOTA AND DEVELOPMENT OF ALLERGY-

RELATED DISEASES

In Paper III, we explored the associations between the gut fungal and bacterial microbiota

from birth to 2 years of age and the development of allergy-related diseases from birth to 6

years of age.

In the subgroup of 278 children with faecal samples and clinical follow-up, we observed

positive associations between higher fungal abundance at 2 years of age and the cumulative

incidence of ever asthma (OR 1.70, 95 % CI 1.06 to 2.75) and AR (OR 1.41, 95 % CI 1.03 to

1.93) up to 6 years (Figure 5). A similar association between eczema up to 6 years of age and

fungal abundance at 2 years was also found (OR 1.18, 95 % CI 0.99 to 1.40), but the estimate

was imprecise due to a wide CI so that we cannot exclude that there is no association.

@

Fungalfbacterial abundance at 2 wrs {IgITS/mL or lg165/mL)
a4
L

1

= 1

1

a4

Fungal/bacterial abundance at 2 yrs (IgITS/mL or lg165/mL)

T ¥

1

T T
MNo (n=172m=187) Yes (n=8/n=8)
Ever asthma

T T
Mo [n=160/n=173)  Yes (n=17/n=18)
Ever allergic rhinoconjunctivitis

T T
Mo (n=125M=138)  Yes (n=47/n=48)
Ever eczema

Figure 5. Fungal and bacterial abundance and allergy-related diseases. These figures depict the mean and 95 % CI of
fungal (black) and bacterial (blue) abundance at 2 years of age for children with ever allergy-related disease at 0-6 years,

supplementing the logistics regression analyses. The numbers within brackets represent the number of participants in each
group for fungal and bacterial analysis, respectively. The figures are printed from Paper III, which is only submitted and is

not subject for copyright.

When searching for the potential directions of causality between microbiota and eczema, we

found that there was an association between fungal abundance at 2 years and the development

of eczema between 2 to 6 years of age (OR 1.82, CI 0.97 to 3.44); however, the finding

cannot be regarded as statistically significant. We did not find support for any other

associations in the opposite direction of causality.
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Principal coordinates analysis ordination plots for fungi and bacteria showed that faecal
samples from 1-2-year-old children with current eczema were overrepresented in the region
that represented the 2-year-old microbiota composition. (Figure 6AB). A taxonomic LEfSe
analysis of the fungal and bacterial gut microbiota showed higher abundances of

Enterococcus sp. at 2 years in children without eczema.

Evaluation of the gut permeability markers FABP2 and LBP against allergy-related diseases
showed a lower risk of ever eczema with increased FABP2 at 1 year; however, no other
associations were found with allergy-related diseases and FABP2 or LBP. There was no

association between FABP2 and fungal abundance.
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Figure 6. Principal Coordinates Analysis (PCoA) of fungi and bacteria. PCoA is a multivariate ordination method that
depicts the all-over taxonomic variation between samples, in which two samples with similar taxa and abundances are put
closer and dissimilar samples would be placed far apart. The 2-year samples cluster top-left for both fungi and bacteria,
whereas neonatal samples are more wide-spread. Figure 6A describes fungal taxa distribution. Figure 6B describes bacterial

taxa distribution. Ellipses contain 70 % of each age group. The figures are printed from Paper III, which is only submitted
and is not subject for copyright.
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6 DISCUSSION

DISCUSSION OF METHODS, STRENGTHS AND WEAKNESSES

Material and study design

The inclusion criteria to the ProPACT study were living in Trondheim (the third-largest city
of Norway), filling in a questionnaire and willingness to consume probiotic milk once a day.
The chance for selection bias is therefore limited; however, we observed that many of the
participants were highly educated (78 % of mothers had higher education). This sampling
bias could impair the external validity by underrepresenting the lower socioeconomic groups.
Prevalence of childhood OWOB are higher in families with a low level of parental education,
141 as might be the case for asthma as well. 4> Apart from this skew, the newborn children
were of normal weight and height, close to equal inclusion of boys and girls and only slightly
less Caesarean sections than the general Norwegian newborns (13 % in our study vs. 14-15 %
in the general population). !> With the rather unselected sampling, a relatively high external
validity was thereby attained in this cohort study. Repeated faecal sampling enabled us to

investigate the variation between participants and follow everyone’s development.

The study design gave us limited control of faecal sampling. Although the parents were well
informed about collecting the samples and quickly freezing them to avoid contamination and
improve preservation, we did not control the amount of faeces put into the sampling
containers, so the sample dilution of the Cary-Blair medium could vary between the samples.
This could represent a random sampling misclassification that weakens the result precision.
Allergy outcomes were based on self-reporting questionnaires based on the ISAAC study, '
but questionnaires are inherently prone to recall bias. For instance, might the parents with
allergic children more clearly remember that their children received antibiotics as this could
be their explanation for allergy development. Although we did not find an association
between antibiotics and microbial characteristics, this could introduce a type II error in our
study. Due to the nine years follow-up time, frozen DNA was stored for a long time. This
could somewhat have impacted the quality of the samples, but no sample age difference

between the groups. There was no freeze-thawing of DNA samples before the current study.

Methodological considerations
Extraction. The microbial DNA from the faccal samples were extracted with a lysis protocol
optimised for bacteria due to the lack of well-established fungal DNA extraction protocols.

The extraction method involved chemical and mechanical lysis. Still, because fungal cell
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walls are inherently tougher than the bacterial cellular membrane, the risk was that some
fungal DNA remained within intact fungal cells. The DNA extraction efficacy of fungal cells
also appeared to be strain-specific, which could overestimate some species and underestimate
others. '* In a pilot study at the NMBU laboratory where the microbial experiments were
carried out, we showed that a bacterial lysis protocol was inferior to a fungal lysis protocol
for the amount of extracted fungal DNA (not yet published). A recent study showed that
although the fungal DNA varied between extraction protocols and some variations in some
bacterial species' relative abundance, the fungal and bacterial alpha diversity remained the
same between extraction methods. '** Moreover, a large HMP-based study showed that the
fungal taxonomy and diversity stayed the same with bacterial or fungal extraction method,
although not stating whether the DNA quantity differed. !° Therefore, one could assume that
a DNA extraction method optimised for fungi, like the non-commercial IHMS Protocol Q,
(Fiedorova, Radvansky et al. 2019) would be preferrable for future microbiome studies
involving bacterial and fungal DNA. In this way, we could potentially have obtained higher
fungal quantities and would make us able to sequence a greater proportion of samples. This
could increase the internal and external validity of the study and increase precision. So, even
though we believe in the results, non-optimal extraction methods could reduce the
reproducibility of this study. We have thus focused on a transparent visualisation of the data

so that future research could build on our methods and results.

Quantification. We used the 16S rRNA gene section as a measure of bacterial abundance.
This gene region is a universal region of all bacteria, and the quantity of this primer region
would therefore quantify the total number of bacteria. Quantification of fungi remains more
complicated. In contrast to bacteria containing less than seven of the 16S rRNA gene in their
one chromosome, cukaryotes like fungal cells could have numerous copies because of
tandem loops of the ribosomal RNA gene (771, the DNA coding for the ribosomes), with up
to some thousand copies per cell. !> 4> Furthermore, there could be larger variation in rRNA
gene copy numbers within a species. 4> Caution should therefore be taken when using these
parts for quantification. Fungal quantification of the 77n gene (including the ITS1 gene
region) has been performed previously in bovine rumen studies. '“® A study by Taylor et al.
presented that the quantification of fungal abundance by the ITS region strongly correlated
with fungal abundance estimations. 4’ Therefore, we concluded that the ITS1 section could
work well as a fungal quantification marker in addition to the fungal barcode marker. Future

studies should involve quantifying fungi and preferably consider the number of rrn copies for
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each species, either by developing databases or through estimations by metagenomic
sequencing. Also, in metabarcoding a standard sequencing target, like ITS1, ITS2 or another

target, should be established.

Selection of samples to sequence. To ensure enough fungal DNA for the ITS1 sequencing, we
set an ITS cut-off at 35 cycles. This strict ITS quantity cut-off was essential to only sequence
samples with a reliable fungal DNA amount that did not represent sample contamination.
Whilst fungal abundance was quantifiable for approximately two-thirds of the stool samples,
this trade-off made us able to sequence only a minority of the samples for fungal DNA, due
to low levels of faecal fungal DNA in the first two years of life. Thus, we had limited
opportunity to investigate the role of the mycobiota composition on childhood growth and
allergy-related disease. It cannot be excluded that the low-abundance samples had different
mycobiota compositions. Nevertheless, in this relatively unselected study population of

mothers and offspring, our selection could reflect the gut mycobiota of a healthy gut.

Sequencing and annotation. The mycobiome was characterised using metabarcoding
sequencing (Illumina MiSeq) of the ITS1 gene region. Since some fungi are more cultivable
than others, the relative distributions of fungi would be more representable by a culture-
independent technique. Being uncertain if metagenomic sequencing could sequence deeply

enough to describe the low-abundance mycobiota, !

metabarcoding was reckoned the most
appropriate method. However, the interpretation must be cautious since the method only
depends on finding intact DNA segments and not living microbes. Therefore, contaminants
from food could easily be found in low abundances, like Ustilago spp. (obligate corn
pathogens) or Agaricomycetes like the edible white button mushroom Agaricus bisporus.
Moreover, the gut mycobiota is known to be more unstable than the bacterial gut microbiota,
and so the transient (yet living species) species from food could also be easily interpreted as a
part of the autochthonous mycobiota. However, repeated samples over time helped us see
which species that remained in several samples. As for primer choice, the ITS1 region
adjacent to the 18S rRNA gene is the most described in fungal databases and most diverse,
meaning it would give the best annotation solution. !! In the last years, there has been a
tendency to use the ITS2 segment instead of ITS1. Use of ITS1 may estimate a larger fungal

diversity whereas ITS2 tends to show more Ascomycota, '3

which partly could explain
differing taxonomic findings between studies with various methods. However, the ITS

segments are not precise enough for good species classification, and a disparity in ITS length

49



(100-550 base pairs) between samples could also cause PCR bias towards shorter reads. !> 143

Thus, a consensus on primer use needs to be established.

Taxonomic databases. Sequencing of rRNA gene fragments like ITS1 depends on good-
quality taxonomic databases where ITS reads can be aligned against known fungal taxa to
annotate the OTUs. Several such fungal databases are still under development (UNITE, RDP,
GenBank and other specially curated databases) and there are still many errors in taxonomic
names that could overestimate the diversity and decrease the precision of the sequencing. 46
For instance, many fungi have had two taxonomic names, one for its asexual form
(anamorph) that looks different from its sexual form (teleomorph), yet their genetic structure
is the same. With the advent of DNA-based identification methods, the idea of One fungus—
one name became prevailing, and one has tried to use one taxonomic name per species. '**
Still, misclassifications do occur and are present in the databases. '*® It is estimated that as
much as 20 % of all fungal entries in GenBank (an annotated collection of all publicly
available DNA sequences) could be incorrectly annotated (incorrect connection of OTU and
taxonomic name). '' Therefore, our manually curated annotation method using four databases
was an attempt to make correct fungal annotation by use of the pre-existing databases, since a

conservative OTU approach decreased the rate of type I error findings.

Statistical considerations

The dataset consisted of sequential samples from the same mother-offspring pairs at different
ages. In a longitudinal study with repeated measurements, the samples are assumed to be
dependent upon each other. This entails that the presumption of independent samples is
invalid, and thus a mixed model is required. Using mother-offspring pair as the random
intercept in the models, and age, maternal fungal DNA concentration/presence, the mode of
delivery and maternal probiotics use as covariates, we were able to do statistical calculations

on the fungal quantity.

In Paper III, the faccal samples with undetectable levels of fungal abundance were included
in the analysis. These were given the fungal levels of half the negative control (limit of
detection/2). ¥ The argument for performing this step was to include meaningful
information on more participants into the statistical analysis so that the result would be more
valid for the study participants. Thereby, the statistical analysis also consists of the
participants without detectable fungal abundance. This method is well-known in biochemical

149

markers, '*” although not so often applied in microbiological methods. Quantitative PCR is a
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suitable method for DNA quantification, and we reckoned the statistical tests still to be valid
after the inclusion of the undetected samples. In this analysis, effect estimates only showed

minor differences (data not shown).

MAIN RESULTS DISCUSSION

Fungal abundance and diversity in offspring and mothers

Amongst the main findings of this project, we showed that gut fungi are detectable in most
mothers and most of their offspring already at the age of 10 days. S. cerevisiae was the most
abundant fungal species in mothers and 1- to 2-year-old offspring, whereas D. hansenii
prevailed during the first months of life. There was also increased risk of fungal DNA

presence in offspring if the mother had detectable fungi.

37,150 and

Our high detection rate of gut fungi in children coheres with similar studies,
different ages and methods (culturing vs. non-culturing, ITS1 vs. ITS2) could partly explain
why the studies showed compositional disparities. Geographical differences and food intake

could also be an explanatory factor.

We detected that D. hansenii, a ubiquitous Saccharomycetaceae species present in most
cheeses, ! were abundant in many neonates. D. hansenii has been detected by RNA-based
methods in breast milk, (Boix-Amoros, 2017) has been cultured from human faeces and
grows well in milky environments and possibly breast milk, since some strains are known to
grow at 37 °C. ' 152 This suggests that D. hansenii could be an autochthonous species of the

early mycobiota.

In our selection, S. cerevisiae becomes a dominant species first at 1 year of age, at the time
food containing S. cerevisiae (e.g., bread) is introduced. Whether this finding, at least partly,
comes from a transient or long-term colonisation is unclear. However, being cultured in
faecal samples and capable of causing opportunistic infections, '> 133 S. cerevisiae could be

5,19,25,45 504

an true commensal. The abundance of S. cerevisiae varies among studies,
similarly the low occurrence of Candida spp. in our study could depend on diet, genetics or
fungal methods. In particular, culture-dependent techniques seem to obtain relatively more

17,150

Candida spp. than culture-independent techniques , which could partly explain the

somewhat limited amounts of Candida spp. in our study.

We found that maternal fungal hosting made the offspring more inclined to host fungi. This

effect was strongest at 10 days after birth. The increased chance of fungal hosting suggests
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that these mother-offspring pairs share physiological fungal hosting abilities. Because fungi
are ubiquitous in the environment, they may originate from the mother during birth, the
mother’s breast milk, 4 parental skin or anywhere else in the hospital or home environment
with which the offspring come in contact. However, we did not observe any OTU abundance
difference regarding vaginal or caesarean delivery. Thus, we find indications for the transfer
of fungal hosting between mothers and offspring that appear to be independent of the mode

of delivery and genetic predisposition seems a more likely explanation.

The fungal abundance varied by age, which supports the idea of physiological fungal
succession in the early gut mycobiota. At 10 days, the gut fungi have just started to fight for
their positions as ecological pioneer species start to colonise the gut, ' and the reduction in
fungal abundance could be due to an ecosystem that tunes in, where food, gut immunity and
microbial interactions could play a role. The fungal decrease at 3 months coincides with high
abundances of Bifidobacterium and Lactobacillus that could exhibit fungal antagonism. % 2

At two years of age, the gut mycobiota looks more like the adult samples, again indicating a

succession of fungi.

Longitudinal growth and BMI development

Higher fungal abundance in faecal samples at 2 years correlated to taller children from 2-9
years. Assuming the range of fungal abundance of 6 units at 2 years (Figure 4A), this could
represent a difference of about 3-4 cm at 6 years of age. This finding was in accordance with

our hypothesis that a more abundant mycobiota could affect future height.

Growth stimulation by adding yeasts like S. cerevisiae into the feed has been shown in
calves, piglets, and dairy cows, possibly through the growth hormone (GH) axis. 7% '3 153
This was a prevalent species our samples by 2 years of age. The GH axis becomes the driving

69,70 which could

growth regulator from 1-2 years when entering the childhood growth phase,
justify why the height growth association with fungal abundance becomes apparent from 2
years of age. As fungi can assist in digestion and extracting nutrients from unless indigestible
foods, it is plausible that fungi may stimulate growth by providing extra energy, either
directly or by promoting nutrient extraction from other parts of the microbiota. However, we
did not find any association with fungal abundance and BMI-SDS in children at this age.
Either way, this surmised effect probably represents normal growth physiology since the bulk

of growth curves are within the normal distribution of longitudinal growth.
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We did find, however, that children hosting higher abundances of fungi and bacteria and
higher bacterial alpha diversity at 1 year had lower BMI in their first year of life, together
with a tendency that higher fungal abundance at 3 months correlated with lower BMI at 0-1
years. Although this analysis could not show a causal direction, the finding at 3 months could
indicate that higher fungal abundance could be seen before 1 year of age in those with lower
infantile BMI. High bacterial diversity has been associated with childhood and adult leanness,
%4 and having a high microbial diversity and abundance as food is introduced might be

favourable for a lower BMI development.

The taxonomic analysis yielded no associations with BMI-SDS, similar to a meta-analysis, **
although later investigations have shown several association with BMI and microbes. °- ?-10!
The lack of consistent findings could be due to sample variations, liberal statistical tests, and
varying methods. Total microbial abundance could show another aspect for childhood growth
than only microbial composition. More rigorous methods and statistical tools in this research

field are required and will hopefully provide more robust analyses in the future.

Allergy-related diseases

Fungal abundance was associated with allergy-related diseases in our study, in consistence
with two recent investigations from Ecuador and USA. 3> ' Although the analysis between
fungal abundance and allergy-related diseases was not constructed to prove causality, our
analysis could imply that fungal abundance was present before the development of allergy-
related diseases. Even though probiotic administration was not associated with fungal
abundance or composition in our study, the probiotic administration could confer changes in
the gut microbiota or the immunologic response that we could not detect with our methods.

This rests as a potential uncertainty in Paper III.

Fungi are eukaryotes that are evolutionarily closer to humans than bacteria, sharing a great
number of common biochemical pathways. Thus, they could impact human pathways through
the production of human-like substances. Fungi are well-known producers of prostaglandins
and leukotrienes. !* The Candida yeast, and likely other fungi, can produce prostaglandins
that may reduce gut macrophage activity against fungi and thereby improve fungal gut
colonisation. ' By orchestrating the immune system through self-produced priming
cytokines, theoretically fungi could induce the naive T helper (Tn) cells to pursue a Tu2
direction, * which could create both a fungus-friendly gut environment and a predisposition

to allergy-related disease development. ''® Whilst this is a plausible biological explanation for
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a causal association between gut mycobiota and later allergy-related diseases, our results
cannot exclude that the association could also be driven by the mechanisms working in the
opposite direction. Allergy-related diseases and their underlying immunopathology could

themselves promote a fungus-friendly gut environment.

The absence of the lactic-acid bacteria Enterococcus spp. at 2 years is associated with eczema
at 2 years. Enterococcus depletion has also been found allergic 8-year-old Swedish children.
112 Some enterococci are also used as probiotics, '°¢ harmonising with the finding that
maternal probiotics reduce eczema by 49 % at 2 years. '?° E. faecalis could reduce Tr17
stimulation and ameliorate allergic airways disease in mice, (Pascal, Perez-Gordo et al. 2018)
and could even be a partial fungal antagonist by decreasing virulence and hyphal
morphogenesis of Candida. 3" Depletion of important taxa could therefore be of significance

in allergy development.

Our PCoA plots suggested that 1-year-olds were prone to develop eczema if their bacterial
microbiota compositions more closely resembled the composition seen in 2-year-olds, not
explained by delivery, antibiotics administration, or breastfeeding. A timely succession of the
microbiota could be important for the maturation of the immune system and prevention of
allergy, in parallel with increased risk of allergy if there is retained breast milk-associated

species and lower SCFA producers in school age. !> 113

Since FABP2 and LBP were not associated with allergy development or fungal abundance,
the association between allergy-related diseases and fungal abundance appears not to be
mediated through increased gut permeability and metabolic endotoxaemia. Although previous

121,122

studies have shown increased gut permeability, this difference could be due to differing

methods or participant selection.

SCFAs. Acetate, propionate, and butyrate are produced by anaerobic metabolism in bacteria.
These are made from undigestible fibres, and they serve as a source of energy and signalling
molecules. ''* A plethora of strain-specific metabolic pathways leads to these products. As
the gastrointestinal system is increasingly depleted of oxygen, anaerobic fermentation
remains the primary process. Acetate is the most abundant bacterial metabolite in the gut
since most bacteria produce it, and it enters the human systemic circulation. In contrast, only
certain bacteria produce propionate, namely Bacteroidetes species (Bacteroides spp.,
Prevotella spp.) and some Firmicutes species (Roseburia spp., Eubacterium spp.), and is used

in the liver for gluconeogenesis. '3 Butyrate is a larger molecule that serves as an energy
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source for the gut epithelial lining, and is produced by Firmicutes species like
Ruminococcaceae (F. prausnitzii), Lachnospiraceae (Roseburia spp.), Erysipelotrichaceae

and Clostridiaceae. '3

Propionate and butyrate are shown to regulate appetite hormones and to also have anti-
inflammatory properties by connecting to G-coupled receptors GPCR41 and GPCR43 on
intestinal enteroendocrine cells and adipocytes inducing regulatory T cells. '>> '8 In mice,
higher levels of SCFA are also associated with increased IGF-1, 77 and also, higher levels of
SCFA at 1 year of age seem to protect against development of asthma ''* Propionate is a
fungicide used in food industry and acetate is used as a conserving agent that decreases
microbial growth. We cannot exclude that the higher fungal abundance in allergic children in
our study is associated with lower SCFA levels found in other studies. In that way, these
microbial metabolites could be important in both development of longitudinal growth,
obesity, and allergy-related diseases. A further interesting path beyond this thesis would be to
investigate if the mycobiota is affected by SCFA.
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7 CONCLUSIONS

The emergence of the early microbiota as a field of research might give us new insight into
how the forgotten organ plays in concert with the rest of the human body in early life. We
have here described the establishment of the early gut mycobiota and its associations later in
life with growth and development of allergy-related diseases. Additionally, we have shown
some indications for mother-offspring transfer, and how childhood growth is associated to
fungal DNA quantity. Together, this broadens the field of mycobiota into possibly having
important physiological and pathophysiological consequences for the human host. As new
methods emerge in this rapidly developing field, our findings need to be confirmed in larger

studies with more precise methods.

Future perspectives

A reasonable direction to continue this work will be to explore whether there are mechanisms
behind these associations with the gut fungal community in children. By finding the
aetiological mechanisms behind diseases like growth and weight deviations and allergy-

related diseases, potential targets for therapy could be revealed.
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8 APPENDICES

FIGURES

A

Relative abundance (%)
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Figure S1. OTU abundances for all groups. Bar charts of the relatively most abundant OTUs in A) mothers, B) offspring from 10 days-3
months and C) offspring for 1-2 years. Each coloured box represents an OTU. The individual fungal ITS DNA concentration is on top of
each bar. The figures are printed from Paper I, which is distributed under Creative Commons Licence.
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9 ERRATA

Paper 1

During the ongoing work with this PhD thesis, we have become aware of an error in a minor
sub-analysis in Paper I related to the probiotic short-term effect on pregnant mothers’
mycobiota during pregnancy. We are now informed that most of the maternal faecal samples
(week 36-38) were collected before the probiotic intervention started, and these samples
should have been regarded as baseline samples in the analysis. This has resulted in incorrect
interpretation of the result. Due to this unfortunate event, we have contacted the Microbiome

editor and an erratum with the subsequent information will be published:

e Page 1, last sentence of the abstract: ‘Probiotic consumption increased the gut mycobiota
abundance in pregnant mothers (p =0.01).” This sentence is incorrect.

e Page 6, paragraph ‘Probiotics and fungal DNA concentrations in the mothers and the
offspring’. This paragraph is incorrect.

e Page 6, line 10 in the Discussion section: ‘We also found that the maternal fungal DNA
concentrations increased when the pregnant mothers drank probiotics.” This sentence is
incorrect.

e Additional files Table S5 and Figure S4 and its captions. This figure, table and captions

are incorrect.

Apart from this, we ensure that the analysis from Paper I remains correct. Fortunately, none

of Paper I’s 32 citing articles have cited this result.
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Background: The fungi in the gastrointestinal tract, the gut mycobiota, are now recognised as a significant part of
the gut microbiota, and they may be important to human health. In contrast to the adult gut mycobiota, the
establishment of the early gut mycobiota has never been described, and there is little knowledge about the fungal

Methods: In a prospective cohort, we followed 298 pairs of healthy mothers and offspring from 36 weeks of gestation
until 2 years of age (1516 samples) and explored the gut mycobiota in maternal and offspring samples. Half of the
pregnant mothers were randomised into drinking probiotic milk during and after pregnancy. The probiotic bacteria
included Lactobacillus rhamnosus GG (LGG), Bifidobacterium animalis subsp. lactis Bb-12 and Lactobacillus acidophilus
La-5. We quantified the fungal abundance of all the samples using gPCR of the fungal internal transcribed spacer (ITS)1
segment, and we sequenced the 18S rRNA gene ITS1 region of 90 high-quantity samples using the MiSeq platform

Results: The gut mycobiota was detected in most of the mothers and the majority of the offspring. The offspring
showed increased odds of having detectable faecal fungal DNA if the mother had detectable fungal DNA as well
(OR = 1.54, p = 0.04). The fungal alpha diversity in the offspring gut increased from its lowest at 10 days after birth,
which was the earliest sampling point. The fungal diversity and fungal species showed a succession towards the
maternal mycobiota as the child aged, with Debaryomyces hansenii being the most abundant species during breast-
feeding and Saccharomyces cerevisiae as the most abundant after weaning. Probiotic consumption increased the gut

Conclusion: This study provides the first insight into the early fungal establishment and the succession of fungal
species in the gut mycobiota. The results support the idea that the fungal host phenotype is transferred from mother

Keywords: Gut microbiota, Mycobiota, Fungi, Newborn, Infant, Infant health, Probiotics

Background

The fungi that populate the gastrointestinal tract (gut
mycobiota) have recently been recognised as a substantial
part of the gut microbiota and can be important for
human health [1]. The adult gut mycobiota, which
probably comprise approximately 13% of the gut microbial
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volume, consists of a species selection from approximately
140 different fungal genera [2, 3], with the most abundant
ones being Candida, Saccharomyces and Cladosporium
spp. [1].

Gut microbiota has been extensively studied over the
last two decades. The Human Microbiome Project, or
HMP [4], and the Metagenomics of the Human Intes-
tinal Tract (MetaHIT) [5] have contributed greatly to
our knowledge of the human microbial community
structure, although no comprehensive and uniformly
processed database can represent the human gut
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microbiome [6]. Fungal communities are far less studied.
However, a positive association between the archaeon
Methanobrevibacter and Candida with relative abun-
dance differences in Prevotella might exist. Similarly, the
relative abundance differences in Bacteriodes are associ-
ated with the archaeon Nitrososphaera, and they are
negatively correlated with gut fungi [7].

The human gut mycobiota confers several physio-
logical effects to the human body. These fungi consume
nutrients and may facilitate nutrient extraction and
assist in digestion through enzyme and vitamin produc-
tion [7, 8]. The gut mycobiota is also essential as a form
of antigen exposures to train the immune system and its
responses. Through activating the fungus-specific
pathogen-recognition receptors (PRRs) and adjacent
mechanisms, defences against harmful pathogens and
likewise a tolerance towards helpful commensals are
formed [1, 9, 10].

However, for some humans, fungi can have unfavour-
able impacts, and the term fungal dysbiosis describes a
state of unbalanced mycobiota associated with disease
[11]. This phenomenon is most extensively studied in
immunocompromised patients who regularly contract
opportunistic commensal fungal infections [1] and in pa-
tients with obesity and inflammatory bowel disease
(IBD) [12-15]. Obesity and metabolic disorders have
been associated with the increased presence and abun-
dance of Saccharomycetes spp., Dipodascaceae spp. and
Tremellomycetes spp. [12]. Obesity and metabolic
syndrome are pro-inflammatory states, and Tremellomy-
cetes spp. are associated with higher inflammation levels.
Accordingly, a lower abundance of the ascomycotic
Eurotiomycetes spp. and particularly less of the zygomy-
cotic Mucor spp. might actually protect against an un-
healthy metabolic profile [12, 13]. By contrast, IBD
patients host lower concentrations of Saccharomyces cer-
evisiae and more Candida albicans than healthy subjects
do. In this disorder, an increased Basidiomycota-
Ascomycota ratio is also observed, along with increased
fungal diversity and richness [14, 15]. Interestingly, many
IBD and obesity patients also produce anti-S. cerevisiae
antibodies [1, 16, 17], although they host different abun-
dance levels of these gut fungi. Taken together, these
findings imply that the gut mycobiota could be
aetiologically important in human diseases.

An understanding of the role of the gut mycobiota is
emerging in relation to physiological as well as patho-
physiological processes, but there is little knowledge of
how the mycobiome is shaped from early life. High
abundances of the genera Penicillium, Aspergillus and
Candida (species-non-specific) were found in 10 Italian
children who were each sampled once from 0 to 2 years
of age [18]. Additionally, some common species have
been studied. C. albicans and Malassezia spp. are partly
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transferred vertically from mothers to their offspring
[19-21], supporting the theory that fungi colonise the
neonatal gut through the birth canal. Culturing has also
shown that the Candida spp. prevalence in neonates is
23%, and it more than doubles to 50% within 4 months
[20]. The paradigm of the sterile intrauterine environ-
ment is now shifting, and several studies confirm the
prenatal presence of commensal bacterial taxa in the
placenta and amniotic fluid and the possible transmis-
sion of these bacteria to the foetus long before birth
[22-26]. Corresponding knowledge on fungi is scarce.
Early life microbiomes can also be affected by maternal
exposure during pregnancy, ranging from high-fat diets
to probiotics [27, 28]. Generally, we know that the
mycobiome may be shaped by bacteria-fungus interac-
tions [29, 30], as well as by the diet, by probiotics and by
antibiotic administration (as shown in mice) [7, 31-33].
However, to our knowledge, the settling of early
mycobiota with respect to the quantity, diversity and as-
sociation with the maternal mycobiome has not been de-
scribed before nor has the probiotic impact on the
mycobiota been investigated.

In this prospective cohort, we describe the gut myco-
biota in 298 pairs of healthy pregnant women and off-
spring from birth to 2 years of age. We report major
shifts in the fungal abundance and diversity within these
populations, and it supports the idea of a succession of
mycobiotic hosting from mother to child and over the
first 2 years of life.

Methods

Material

We selected 298 mother-offspring pairs with at least one
pair of faecal samples from mothers and offspring who
participated in the Probiotics in the Prevention of Al-
lergy among Children in Trondheim study (ProPACT)
(Table 1). The ProPACT study is a population-based,
randomised, placebo-controlled and double-blinded trial
on probiotics from Trondheim, Norway, and it has been
described in detail elsewhere [34, 35]. Briefly, the preg-
nant women who attended the regular Norwegian Ante-
natal Care Programme were asked to participate by
completing questionnaires on their health and risk fac-
tors and by collecting faecal samples from themselves
and their offspring. The health questionnaire details, in-
cluding antibiotic administration, were collected at
36 weeks of gestation and 6 weeks, 1 year and 2 years
after birth. Although we do not have details on the anti-
biotic administration in the offspring before 10 days of
life, no offspring that were delivered by caesarean sec-
tion received antibiotics during labour, but one devel-
oped septicaemia afterwards and was treated
accordingly. The probiotic milk administration was
double-blinded and randomly provided to one half of
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Table 1 Maternal and offspring characteristics

Maternal age at delivery (years (SD)) 296 (£39)
Caesarean sections 12.8%
Probiotic users 49.4%
Antibiotic therapy during pregnancy 7.2%

Male offspring 46.4%
Gestational age (weeks (SD)) 404 (+1.5)
Birth weight (kg (SD)) 36 (£04)
Birth length (cm (SD)) 50.7 (£33)
Breast-fed at 3 months 97.1%
Formula-fed at 3 months 6.5%

Proportion of children receiving antibiotic treatment within
- 6 weeks 6.3%
17.2%

44.4%

- 1 year

- 2 years

the pregnant population from 36 weeks of gestation
until 3 months after birth. The probiotic milk contained
5 x 10" colony-forming units (CFUs) of Lactobacillus
rhamnosus GG (LGG), 5 x 10'° CFUs of Bifidobacter-
ium animalis subsp. lactis Bb-12 and 5 x 10" CFUs of
Lactobacillus acidophilus La-5 per day. The remaining
half received placebos in the form of heat-treated fer-
mented skimmed milk with no probiotic bacteria.

A total of 1516 faecal samples were collected (Table
2). Maternal samples were collected at 35—-38 gestational
weeks of pregnancy and 3 months postpartum. Offspring
faeces were obtained at 10 days, 3 months, 1 year and
2 years, and they were sampled from the diapers. Faecal
samples were stored in a Cary-Blair transport medium,
immediately frozen to - 18 °C at home, and collected
and held in a frozen state until their permanent storage
at — 80 °C before further analyses.

Quantification

We used a protocol for bacterial DNA extraction that in-
volved mechanical and chemical cell lysis. The stool sam-
ples were homogenised by bead beating with acid-washed
glass beads (Sigma). We isolated the DNA with an LGC
mag nucleic extraction maxi kit (LGC Genomics, Middle-
sex, UK) together with a KingFisher FLEX magnetic
particle processor (ThermoScientific, Waltham, MA)
according to the manufacturer’s recommendations,
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including a negative control as contamination control.
Fungal internal transcribed spacer 1 (ITS1) amplicons were
constructed using the primer pairs ITSIF (CTTG
GTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTC
TTCATCGATGC), according to Tang et al. [36]. The fungal
ITS quantities in 1516 samples were assessed with a Light-
Cycler qPCR (Roche) of 50 cycles, using thermocycles
comprising 95 °C in 15 min, then (95 °C in 30 s, 56 °C in
30's, 72 °C for 45 s) x 50. For each qPCR plate, we included
positive and negative controls (S. cerevisiae and sterile water,
respectively). The qPCR cycle threshold (CT) value cut-off
for fungal detection was set to either within the value of the
negative control or to 45 cycles, because DNA quantifica-
tion beyond 45 cycles can produce misleading results.

Sequencing of the 185 rRNA gene ITS1 region

Since many of the samples had low ITS DNA quantities,
we chose to sequence the 18S ribosomal RNA (rRNA)
gene ITS1 region of only those samples with sufficiently
high ITS DNA quantities. We used a CT value of less
than 35 cycles as the cut-off for sequencing. For the
sequencing preparation, we measured the ITS DNA con-
centrations of the 125 selected ITS DNA samples (in
addition to four positive and four negative controls) with
FLx 800 cse (Cambrex), and they were normalised with
a Biomek 3000 (Beckman Coulter) and prepared for
amplicon sequencing using Illumina MiSeq v3 600-cycle
chemistry, according to the producer’s instructions. Four
positive and four negative controls were also included to
the library. The library was quantified by using a Droplet
Digital PCR (ddPCR, BioRad) and then diluted to a
concentration recommended for sequencing. We then
performed gene paired-read sequencing of the 18S rRNA
gene ITS1 region on a MiSeq platform (Illumina).
Resulting sequencing reads were first filtered out based
on the quality score (minimum average g-score 25) and
the barcode (no mismatches in the barcode were
allowed). Remaining sequences were then pair-end
joined and further filtered through UPARSE algorithm
(max expected error (maxEE) value set to 0.25). The se-
quencing of the 18S rRNA gene ITSI region produced a
total of 3,722,830 reads. The median number of reads
per sample was 16,355 reads and the mean was 27,991
reads, ranging from 3 to 119,463 reads per sample. We
then used 6000 reads per sample as a cut-off for the rar-
efaction to ensure even representation of each sample in

Table 2 DNA quantification and 18 rRNA gene ITS1 region sequencing of faecal samples

Pregnant Postpartum 10 days 3 months 1 year 2 years Total
All faecal samples (count) 248 253 274 246 247 248 1516
Detected fungal ITS1 221 (89%) 220 (87%) 153 (54%) 148 (60%) 163 (66%) 189 (76%) 1094 (72%)
Sequenced samples 47 (19%) 27 (11%) 28 (10%) 4 (2%) 7 (3%) 12 (5%) 125 (8%)
Passed rarefaction and taxonomic classification 28 (11%) 25 (10%) 15 (6%) 4 (2%) 7 (3%) 11 (4%) 90 (6%)
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the dataset. The final dataset comprised 100 samples
with more than 6000 sequences per sample and a total
of 214 operational taxonomic units (OTUs). Ten of the
samples were later discarded due to incorrect inclusion
criteria, resulting in the inclusion of 90 samples in the
analysis (Table 2).

We used the QIIME (Quantitative Insights into
Microbial Ecology) pipeline for quality filtering and diver-
sity estimation, whereas the UPARSE algorithm was used
for OTU clustering [37]. In applying the rarefaction cut-off
at 6000 reads per sample, we ensured minimal losses in the
number of samples whilst maintaining the diversity
(Additional file 1: Table S1 and Additional file 2: Figure S1).

The alpha diversity refers to the fungal diversity within
each sample, and it was calculated by using Simpson’s
reciprocal index, which describes how many OTUs pre-
vail in each sample [38]. The beta diversity expresses the
difference between the samples in terms of the number
and abundance of OTUs within an age group, and it was
calculated with the Bray-Curtis dissimilarity index.

Since there is no well-established quality annotation
database designed for mycobiotic taxonomy assignment
at present, and because fungi are often subject to
misclassification, we used a conservative concordance
system for the taxonomic annotation. We compared the
OTU sequences with the four databases as follows:
GenBank (NCBI, > 97% identity and E value < 107°%; the
Warcup Fungal ITS and UNITE Fungal ITS (User-
friendly Nordic ITS Ectomycorrhiza Database with a
bootstrapping threshold of 80%) through the Ribosomal
Database Project (RDP) Classifier (https://rdp.cme.m-
su.edu/classifier/classifier.jsp); and the Targeted Host-
Associated Fungi ITS Database (THF) [36], which was
especially curated for the gut mycobiome (see Additional
file 3 and Additional file 4). A concordance of at least
three of these databases at the lowest taxonomic level or
two databases with a justifiable was determined as suffi-
cient qualification for the final assignment of each OTU.
We followed the recent taxonomic reclassification for
the fungi by manually curating the classification of OTU
representative sequences with Index Fungorum as the
reference [39].

Statistical methods

A standard curve was made to convert the qPCR CT
values into fungal ITS copy concentrations in the faecal
samples. The averages of three dilutions of the positive
control for each qPCR plate of known fungal concentra-
tions of S. cerevisiae were used for the calculation (see
Additional file 5). The fungal ITS copy concentrations
were logarithmically expressed to obtain a normal distri-
bution. The fungal DNA data from the offspring samples
were analysed using a linear mixed model for the fungal
DNA concentration and a mixed logistic regression for
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the presence of fungal DNA. The models included a
random intercept for mother-offspring pair, and age, ma-
ternal fungal DNA concentration/presence, the mode of
delivery and maternal probiotics use were used as covar-
iates. The effect of antibiotic use was studied in a separ-
ate model because we lacked information on the
antibiotic use within 10 days of life. The interaction
terms were investigated and included in the final ana-
lyses if significant. For independent data, multiple linear
regression analyses were performed to test the associa-
tions between the fungal DNA abundance and clinical
characteristics. The diversities and OTU abundances be-
tween the groups were analysed with non-parametric
Mann-Whitney U tests and Kruskal-Wallis tests. By this,
we disregard the potential within-subjects correlations;
nevertheless, a non-parametric test for repeated mea-
surements, i.e. Friedman’s test was not applicable due to
the low numbers of observations in some groups. We
defined the statistical significance as p < 0.05 and cor-
rected the non-parametric analyses for multiple testing
by controlling the false discovery rate through the
Benjamini-Hochberg procedure. The statistical analyses
were conducted using MATLAB 2016a (The Math-
Works, Inc.), STATA 14 (StataCorp) and SPSS Statistics
version 23.0 (IBM).

Results

Fungal DNA concentration and diversity

In total, 88% of the mothers and 56-76% of the offspring
had detectable gut fungi (Fig. 1). The total fungal abun-
dance was quantified by the amount of fungal ITS DNA
copies in the sample. The samples from the pregnant
women had the highest fungal DNA concentrations of
all the groups (3.85 log(copies/mL) and 95% CI 3.62—
4.07), which were significantly higher than those of the
postpartum mothers (3.05 and 2.82-3.26, p < 0.001)
(Fig. 2, Additional file 1: Table S2). Among the offspring
samples, there was a tendency to uncover the highest
fungal DNA concentration at 10 days (2.81 and 2.55-
3.08), which then fell to the lowest levels at 1 year (2.19
and 1.94-2.45) before an increase at 2 years.

Among all the groups, the alpha diversity was lowest
in the 10-day samples (1.21, p < 0.05, Simpson’s recipro-
cal index) (Fig. 3a) and tended to be higher in the
pregnant women (2.16, ns). This finding indicates that
only 1-3 fungal species prevailed in mothers as well as
offspring. The alpha diversity showed a consistent ten-
dency to increase from birth to 2 years, but it did not
reach significance due to the low number of samples in
each group. A similar distribution was observed for the
mean number of OTUs in each age group (Fig. 3b). In
contrast to the alpha diversity, the beta diversity was
highest at 10 days after birth (0.97, median Bray-Curtis
dissimilarity index) and showed a spread between 0.6
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Fig. 1 Detection of fungal ITS DNA. The counts of samples with detected and non-detected fungal ITS DNA for each age group. The detection
limit was set to a higher fungal ITS concentration than the negative control or within a CT value of 45 cycles
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and 1.0 in the other maternal and offspring samples
(Fig. 3c). In summary, the mothers tended to have
both higher alpha and beta diversity in pregnancy
than postpartum. In the offspring, the alpha diversity
seemed to increase steadily from birth, whereas the
beta diversity was highest in 10-day-old offspring.

The PCoA plot at 6000 reads distinguished the 10-
day—3-month-old offspring (breast-fed and/or formula-
fed) from the other samples. Conversely, the samples
from the 1-2-year-old offspring (fed a diet more similar
to their mothers) converged towards the maternal pat-
tern (Additional file 6: Figure S2).

OTU taxonomic classification
In applying our stringent annotation method, 140 out of
245 OTUs were annotated at least up to fungal phylum,
and 101 OTUs were classified by genus (Additional file 4).
Twelve OTUs differed significantly in their abundance
between age groups, whilst they made up >1% of the
total relative abundance (Additional file 7: Figure S3). S.
cerevisiae was most abundant in mothers and in off-
spring from 1 year of age onwards, whereas it was de-
tected in very low quantities in offspring at 10 days and
3 months after birth. Debaryomyces hansenii exhibited
its greatest abundance in offspring at 10 days and

3 months (Fig. 4a—c). The 10-day, 1-year and 2-year
samples were richer in Rhodotorula mucilaginosa,
whereas the 3-month samples showed a greater presence
of Candida parapsilosis and a Cladosporium sp.

Ascomycota spp. comprised 86.4% of the fungi in all
the age groups, with no significant difference between
the age groups (p = 0.74). In total, 88.6% of the fungal
community consisted of yeast species with no significant
difference between the age groups (p = 0.60).

Transfer of fungi from the mothers to the offspring
The odds of detecting fungal DNA in the offspring sam-
ples increased if the mothers also had detectable fungal
DNA (odds ratio (OR) = 154 (95% CI 1.01-2.34,
p = 0.04)) compared to mothers with no detectable fungi
upon mixed logistic regression (Additional file 1: Table
S3). Investigating the interactions, this effect was strongest
10 days after birth (OR = 3.7 (1.24-11.0), p = 0.019). In
particular, we observed no effects of mode of delivery nor
did we see any effects of maternal probiotic use or off-
spring antibiotic use. The intraclass coefficient (ICC) was
<0.01, which indicates that the repeated measurements
were largely unrelated.

We found no significant associations between the
offspring fungal DNA concentrations and the maternal
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3 months (n=148) 1year (n=163) 2 years (n=189)

Fig. 2 Fungal ITS DNA concentration in maternal and offspring faecal samples. A scatter plot of the fungal ITS DNA concentrations (log TS copies
per mL, mean and 95% Cl). The concentration of the ITS copies quantifies the amounts of fungi in the samples

fungal DNA concentrations, probiotics, mode of delivery
or the offspring antibiotic use (Additional file 1: Table
S4). The ICC was < 0.01, which shows that the repeated
measurements were largely unrelated.

By sequencing the 18S rRNA gene ITS1 regions of
merely high-quantity samples, 5 mother-offspring pairs
remained. In these pairs, there were 11 overlapping
species, with D. hansenii and S. cerevisiae being the
most frequently overlapping ones (Fig. 5). These two
species were also retained between pregnant and post-
partum mother pairs (data not shown). Several other
species were also present in the mother-offspring
overlap, and these mostly belonged to the Saccharomyce-
taceae family, including Candida spp., in addition to R.
mucilaginosa, Malassezia spp. and Cladosporium spp.

Probiotics and fungal DNA concentrations in the mothers
and the offspring

The pregnant mothers who were randomised to receive
probiotics had significantly increased fungal DNA concen-
trations compared to the controls (p < 0.01, Additional file
1: Table S5). Adjusting for a history of antibiotic treatment
did not change the effect estimator. One S. cerevisiae
strain (OTU 159) tended to be underrepresented in the
probiotic-receiving pregnant women (p = 0.07); however,

the distributions of the other S. cerevisiae strain (OTU 2)
remained the same (Additional file 8: Figure S4).

Discussion

In this study, we showed that the gut fungi are detect-
able in most mothers and the majority of their offspring
already at the age of 10 days. S. cerevisiaze was the most
abundant fungal species in mothers and 1- to 2-year-old
offspring, whereas D. hansenii prevailed during the first
months of life. Furthermore, there was an increased risk
of fungal DNA presence in offspring if the mother had
detectable fungi. We also found that the maternal fungal
DNA concentrations increased when the pregnant
mothers drank probiotics.

Almost 90% of the mothers and 60—-80% of the offspring
had detectable gut fungi, which highlights fungi as an
inherent part of the gut microbiota. These proportions co-
here with the findings of an Italian cross-sectional fungal
cultivation study on children and adults [18].

Many of the fungal species that we detected in the off-
spring have previously been detected in the adult gut
(see Additional file 5). Strikingly, D. hansenii, an ubiqui-
tous Saccharomycetaceae species that is often used in
the food industry as a cheese yeast [40], dominates the
offspring gut mycobiota during the breast-feeding
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(See figure on previous page.)
Fig. 3 Alpha and beta diversity for the faecal samples. A scatter plot of the diversities; red whiskers designate the median and interquartile ranges.
a Alpha diversity as Simpson’s reciprocal index. The Simpson reciprocal index describes how many OTUs prevail in each sample [36]. b The observed

species index describes the sample richness, i.e. how many OTUs are detected in each sample. ¢ The beta diversity as Bray-Curtis Distance describes
the between-sample diversity from 0 to 1

Relative abundance (%)

Fig. 4 a—c OTU abundances for all groups. Bar charts of the relatively most abundant OTUs in a mothers, b offspring from 10 days to 3 months
and ¢ offspring for 1-2 years. Each coloured box represents an OTU. The individual fungal ITS DNA concentration is on top of each bar
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Fig. 5 Overlapping OTUs between pregnant woman and their offspring. The counts of overlapping OTUs in five mother-offspring pairs from the
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period. D. hansenii can stem from breast milk because
this fluid was the only dietary component at 3 months,
and similar yeasts (C. albicans) have been found in
breast milk before [41]. D. hansenii has also been found
on the facial skin of children [42]. D. hansenii has previ-
ously been cultured from human faeces and has been
shown to grow well in milky environments like cheese
and possibly breast milk, since some strains are known
to grow at 37 °C [20, 40]. All these findings suggest that
D. hansenii could be an autochthonous species of the
early mycobiota.

We found S. cerevisiaze in the newborn offspring,
which has not been shown before. Intriguingly, S. cerevi-
siae first surges and then becomes a dominant species at
1 year of age, after the introduction of food containing S.
cerevisiae (e.g. bread) into the diet. This finding suggests
both a birth-related and a dietary means of colonisation.
S. cerevisiae is present in most diets and has been found
and cultured from faecal samples. However, it is also
capable of causing opportunistic infections [20, 43], im-
plying that it is an autochthonous species. We observed
that S. cerevisiae was substantially more abundant in off-
spring and adult gut mycobiota than previously
described [1, 9], and there was a relatively low occur-
rence of Candida spp.; this variation may be due to
different regional diets, host genetics or fungal detection
methods. Some studies have shown that by using culture-

dependent techniques, one would obtain relatively more
Candida spp. than when using culture-independent tech-
niques [2, 18], which could partly explain the rather lim-
ited amounts of Candida spp. in our study.

Some of the identified fungi should be regarded as
transients that do not colonise the gut. The OTUs
Agaricomycetes/Agaricales sp. are likely from edible and
non-colonising fungi, e.g. the button mushroom Agari-
cus bisporus, and similarly, Ustilaginaceae spp. are well-
known plant pathogens. These fungi are generally of
lower quantities and are often known not to live in
anaerobic and body temperature environments; they are
thus most likely transients from food. Not all OTUs
were annotated to the species level because the fungal
databases still are under development. However, our
strict classification improved the chance of an accurate
classification.

We found that maternal fungal hosting makes the off-
spring more inclined to host fungi. This effect was stron-
gest at 10 days after birth. The increased chance of
fungal hosting suggests that these mother-offspring pairs
share physiological fungal hosting abilities. Because fungi
are ubiquitous in the environment, they may originate
from the mother during birth, the mother’s breast milk,
parental skin or anywhere else in the hospital or home
environment with which the offspring come in contact.
However, we did not observe any OTU abundance
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difference regarding vaginal or caesarean delivery. Thus,
we find indications for the transfer of fungal hosting be-
tween mothers and offspring that appear to be inde-
pendent of the mode of delivery.

The overlapping OTUs in the mother and offspring
guts were mostly Saccharomycetaceae spp. This fungal
family seems to have adapted well to the human gut
environment and may be the species that are fittest to
survive the transfer into the newborn fungal host envir-
onment. In addition to the gut mycobiota, Saccharomy-
cetaceae spp. are also the most abundant species in
healthy human mouth mycobiota [44].

The fungal abundance varied by age, which supports
the idea that physiological fungal succession occurs in
the early gut mycobiota. We have shown that the gut
mycobiota is establishing already at 10 days after birth,
albeit at a lower abundance and diversity than what is
detected in their mothers’ guts. At 10 days, the gut fungi
have just started to fight for their positions in a seem-
ingly first-come first-serve model; the reduction in
fungal abundance is probably determined by feeding, gut
immunity and their interactions. The decrease at
3 months may be due to a previously described tempor-
arily high abundances of Bifidobacterium spp. and Lacto-
bacillus spp. that exhibit fungal antagonism [30, 45].
Upon approaching 2 years of age, the gut mycobiota
consists of fungi specific for the adult mycobiota, as
observed in our study.

Interestingly, pregnant mothers that received probio-
tics showed a higher abundance of gut fungi. This find-
ing could indicate that the probiotic bacteria used in our
study promote the symbiotic growth of gut fungi, like
other lactic acid bacteria that are known to grow mutu-
ally with yeasts [46].

Due to a strict ITS quantity cut-off, a smaller proportion
of the samples was sequenced. It cannot be excluded that
the lower-abundance samples have different compositions.
Nevertheless, in this unselected study population of
mothers and offspring, it is reasonable to surmise that this
selection could reflect the gut mycobiota of a healthy gut.
The study design gave us limited control of the faecal
sampling, but all the mothers were well informed about
how to collect and quickly freeze the samples to avoid
contamination and improve preservation. In the future, a
lysis protocol optimised for fungal DNA extraction would
be preferable, but this approach would require the fungal
extraction analysis of a representative selection of human-
associated fungi that is not yet available.

Conclusion

Our findings provide the first insight into the gut myco-
biota that is established in offspring and into the transfer
of fungal hosting from mother to child. This study
covers a large, unselected population cohort of mothers
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and offspring, and it broadens the field of gut mycobiota
as a new research area. The ways in which the early
mycobiota can affect a child’s normal physiology with re-
spect to growth, immunity and metabolism remain to be
elucidated.
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Introduction: Childhood growth is a sensitive marker of health. Animal studies show
increased height and weight velocity in the presence of fungal as well as antibiotic
supplement in feed. Human studies on early gut microbiota and anthropometrics have
mainly focused on bacteria only and overweight, with diverging results. We thus aimed
to investigate the associations between childhood growth [height and body mass index
(BMI)] and early fungal and bacterial gut microbiota.

Methods: In a population-based cohort, a subset of 278 pregnant mothers was
randomized to drink milk with or without probiotic bacteria during and after pregnancy.
We obtained fecal samples in offspring at four time points between O and 2 years
and anthropometric measurements O and 9 years. By quantitative PCR and 16S/ITS
rRNA gene sequencing, children’s gut microbiota abundance and diversity were analyzed
against height standard deviation score (SDS) and BMI-SDS and presented as effect
estimate (B) of linear mixed models.

Results: From 278 included children (149 girls), 1,015 fecal samples were collected.
Maternal probiotic administration did not affect childhood growth, and the groups were
pooled. Fungal abundance at 2 years was positively associated with height-SDS at
2-9 years (8 = 0.11 height-SDS; 95% Cl, 0.00, 0.22) but not with BMI-SDS. Also, higher
fungal abundance at 1 year was associated with a lower BMI-SDS at 01 year (8 = —0.09
BMI-SDS; 95% Cl, —0.18, —0.00), and both bacterial abundance and bacterial alpha
diversity at 1 year were associated with lower BMI-SDS at 0-1 year (8 = —0.13 BMI-SDS;
95% Cl, —0.22, —0.04; and g = —0.19 BMI-SDS; 95% ClI, —0.39, —0.00, respectively).

Conclusions: In this prospective cohort following 0-9-year-old children, we observed
that higher gut fungal abundances at 2 years were associated with taller children
between 2 and 9 years. Also, higher gut fungal and bacterial abundances and higher
gut bacterial diversity at 1 year were associated with lower BMI in the first year of life.
The results may indicate interactions between early gut fungal microbiota and the human
growth-regulating physiology, previously not reported.

Clinical Trial Registration: Clinicaltrials.gov, NCT00159523.

Keywords: gut microbiota, mycobiota, fungi, childhood growth, height velocity
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INTRODUCTION

Childhood growth constitutes a prominent and important sign
of bodily development, and thus this sensitive health marker
is assured by growth control programs worldwide (1). Human
growth comprises four overlapping phases including foetal,
infancy, childhood, and pubertal growth. Each growth phase is
driven by certain endocrine processes, as well as being influenced
by genetic, nutritional, and environmental factors (1, 2). Recent
investigations suggest that the gut microbiota could be a possible
growth regulator too (3, 4).

The gut microbiota refers to the microbial community
within our gastrointestinal tract, housing symbiotic microbes
like bacteria and fungi. The fungal proportion of the microbiota
is denoted mycobiota. Early gut microbiota patterns have been
associated with childhood obesity with various findings (5-
8), e.g., at 3 months the relative abundances of Firmicutes
and Lachnospiraceae were positively and for Bifidobacterium
spp. negatively associated with early overweight and obesity.
Associations with height velocity have been poorly explored, but
in pre-school children, height velocity has been found associated
with certain Firmicutes spp. at 3 months and higher gut bacterial
diversity at 0-3 years (4, 7, 9, 10). Since the 1950s, antibiotics have
been widely used as growth promotors in livestock production
(11). While early human antibiotic use may predispose for later
childhood obesity (12), its possible effect on height velocity is
less elucidated. A Helicobacter pylori eradication study with 1
week administering broad-spectrum antibiotics in 6-10-year-
old children showed increased height standard deviation scores
(SDS) by 20% in the intervention group compared with the
control within 1 year, even when H. pylori was not eradicated
(13). The same antibiotics-height association was observed in a
large Finnish infancy cohort (12).

When the European Union banned the use of antimicrobials
as growth promotors in animal production, the search for
non-antimicrobial growth promotors in animals led to a wide-
spread use of yeast and its cell wall products as new growth
promotors (14). In the early human gut, the most abundant yeast
genera are Debaryomyces, Candida, and Saccharomyces, with a
development toward higher diversity of species (alpha diversity)
and more Saccharomyces cerevisiae as the children age (15).
In two randomized-controlled trials in which preterm neonates
(28-32 and 30-37 weeks of gestational age, respectively) were
supplemented with a probiotic S. cerevisiae strain (Saccharomyces
boulardii), probiotic groups experienced greater weight gain than
the control group (length was not measured in one study and
increased non-significantly in the other) (16, 17). This indicates
that the early mycobiota could promote early human growth. All
the same, the possible role for mycobiota as a human growth
promotor remains unexplored.

Abbreviations: Bb-12, Bifidobacterium animalis subsp. lactis Bb-12; BMI,
body mass index; CFU, colony-forming unit; CI, confidence interval; CT,
Cycle threshold; ITS, internal transcribed spacer; GH, growth hormone; La-
5, Lactobacillus acidophilus La-5; LGG, Lactobacillus rhamnosus GG; OTU,
operational taxonomic unit; qPCR, quantitative polymerase chain reaction;
QIIME, Quantitative Insights into Microbial Ecology; rrn, ribosomal RNA
operons; SDS, standard deviation score; sp./spp., species (singular/plural).

The objective of the current study was therefore to study
associations between early gut fungal and bacterial microbiota
and childhood height-SDS and BMI-SDS in a longitudinal cohort
of healthy children up to the age of 9 years.

MATERIALS AND METHODS

Materials

The aim of the current study was to investigate the association
between early gut microbiota and childhood growth. The
stool samples analyzed in this study were collected during a
randomized trial of probiotics (ProPACT) (18). In total, 415
mothers were randomized to drink probiotic or placebo milk
from inclusion to 3 months post partum. The probiotic milk
contained 5 x 10'° colony-forming units (CFUs) of each of
Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp.
lactis Bb-12 and 5 x 10° CFUs of Lactobacillus acidophilus
La-5, whereas the placebo milk was sterile and contained no
probiotic bacteria. This maternal probiotic administration led
to an increased presence and abundance of LGG in the infants’
gut microbiotas at 10 days and 3 months, but no significant
difference at 1 and 2 years, as previously shown (18). Apart from
this, there were no other statistically significant differences in
the microbiota composition or diversity between the groups (18).
Since we considered these differences to be minimal, the two arms
were pooled in the analysis of the present study.

In total, 278 of 415 participating children supplied 1,015 fecal
samples at 10 days, 3 months, 1 and 2 years after birth (Table 1).
The stool samples were collected from the diaper and transferred
to a tube with 10 ml Cary-Blair transport medium (~20 times
dilution) before immediate freezing at —18°C at home. The
parents were instructed to collect one big spoon of fecal matter
with an enclosed spoon as sampling equipment. After transport
to the laboratory, the samples were stored at —80°C before
further analyses. Self-reported questionnaires about the health
and environment of the child were collected in pregnancy, 6
weeks after birth, at 1 and 2 years, with information on mode
of delivery, breast-feeding length, antibiotic administration to
mother and offspring, and gestational age.

Ethics Approval and Consent to Participate

The parents signed an informed consent at inclusion and
were once more informed when the anthropometry data were
drawn, with the ability to withdraw, which two participants
did. The study protocol was approved by the Regional Ethical
Committee of Central Norway (2014/1796; Trial registration at
Clinicaltrials.gov NCT00159523, registered 08.09.2005).

Methods

Anthropometric Measurements

Height and weight were measured at routine follow-ups at
public health centers. Height was measured supine <2 years
and standing thereafter with a stadiometer, and weight was
measured with a digital weight, according to Norwegian
guidelines. Anthropometrics were collected and converted to
SDS (z-scores) based on a large Norwegian child population
reference (19). BMI-SDS constitutes a more explanatory and
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TABLE 1 | rRNA gene quantification and 16S/ITS rRNA gene region sequencing of fecal samples.

10 Days 3 Months 1 Year 2 Years Total
All fecal samples (count) 274 246 247 248 1,015
Detected bacterial DNA (16S rRNA gene region) 266 (97%) 243 (99%) 247 (100%) 243 (98%) 999 (98%)
Sequenced 16S rRNA V3-V4 gene region amplicons (after rarefaction)® 178 (65%) 193 (78%) 216 (87%) 170 (69%) 757 (75%)
Detected fungal DNA (ITS rRNA gene region) 153 (54%) 148 (60%) 163 (66%) 189 (76%) 653 (64%)
Sequenced ITS gene region amplicons (after rarefaction)® 15 (6%) 4 (2%) 7 (3%) 11 (4%) 37 (4%)

aSamples were sequenced if the gPCR cycle threshold was <35 cycles to provide trustworthy results in the sequencing procedure. Few samples were excluded due to rarefaction.

TABLE 2 | Maternal and offspring characteristics.

Participant characteristics ProPACT participants with fecal ProPACT participants without P-value?
samples (n = 278) fecal samples (n = 136)
Maternal age at delivery [mean (SD), years] 30.0 (4.3) 29.3 (4.8) 0.03
Cesarean sections [No. (%)] 35 (12.6) - -
Allocated to probiotics [No. (%)] 141 (50.5) 63 (43.6) 0.42
Maternal higher education [No. (%)] 217 (77.8) 79 (68.5) < 0.01
Female offspring [No. (%)] 149 (53.4) 57 (54.3) 0.88
Gestational age [mean (SD), weeks] 40.3 (1.57) 40.2 (1.68) 0.47
Birth weight [mean (SD), g 3,633 (485) 3,617 (446) 0.78
Birth length mean (SD; cm) 50.5 (1.94) 51.5 (6.09) 0.18
Breastfed after 3 months [No. (%°)] 224 (97.4) 39 (97.5) 0.97
Formula fed after 3 months [No. (%°)] 98 (36.3) 18 (40.0) 0.63
Breastfed beyond 1 year [No. (%°)] 73 (28.1) 9(29.0) 0.99
CHILDREN RECEIVING ANTIBIOTIC TREATMENT WITHIN [NO. (%°)]
6 weeks 6 (2.5 1(1.5) 0.61
1 year 36 (13.9) 12 (14.3) 0.93
2 years 117 (41.9) 22 (25.9) <0.01
Pregnant mothers receiving antibiotics [No. (%°)] 16 (6.5) 229 0.09
Overweight (BMI-SDS >1) at 7-9 years [No. (%°)] 44 (18.2) b b
Obesity (BMI-SDS >2) at 7-9 years [No. (%°)] 6(2.5) b -o

ap_yalues calculated using x? test for binary variables and t-test for continuous variables.
bNot available.
¢Percentage of total respondents of the present questionnaire.

precise way to describe children’s weight development since BMI-
SDS is adjusted for age and sex. Likewise, height-SDS better
presents the height growth and indicates along which height
percentile curve the child grows. To identify data errors and
outliers, we identified height-SDS and weight SDS values <3
and >3, as well as measurements where height decreased in two
consecutive measurements. These growth curves were evaluated,
and datapoints were removed when one could assume that the
measurements were incorrectly recorded. To ensure good-quality
anthropometric data before analysis, all individual growth curves
were modeled for inspection.

Microbiota Analyses

The microbiota analyses are thoroughly explained in the
Supplementary Material. ~ Briefly, stool samples were
homogenized before DNA was extracted using a bacterial
protocol (20) as no fungal protocols for fecal DNA extraction
were validated. However, although different extraction Kits

may produce differing total amounts of DNA, the relative
proportions of various DNA abundances seem to largely
correspond within the assays (21). We used bacteria-targeted
primers (V3-V4 part of 16S rRNA gene) (22) and fungi-targeted
primers (ITS1 part of 18S rRNA gene) (23) for quantification
by quantitative PCR (qPCR). The qPCR cut-off value was set
to the negative control if fungal abundance was lower than
negative control, or excluded from analysis if cycle threshold
value (CT value) at >45. CT values were converted to fungal
and bacterial DNA concentrations using standard curves
(Supplementary Material). Fungal quantification of the rRNA
18S/ITS1 gene region has been performed previously in bovine
rumen studies (24), and recently, strongly correlated abundance
estimations have been obtained using the ITS region (25). These
qPCR quantifications of the microbial rRNA genes [16S (V3-V4)
for bacteria and ITS1 for fungi] were therefore used as abundance
markers in this study. The majority of bacterial samples were
sequenced (Table 1). Ensuring high-quality sequencing, only
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FIGURE 1 | Abundances and alpha diversities for fungi and bacteria. Abundance and alpha diversity data for fungi and bacteria for children’s samples at different ages
[10 days, 3 months, 1, and 2 years; fungal data reported in (15)]. The average fungal abundances (A) decreased significantly (P = 0.01) from 10 days (2.83 log ITS/ml)
to 1 year (2.19 log ITS/ml). The dashed blue line indicates the sequencing cut-off for fungi. Similarly, the bacterial abundance (B) decreased significantly (P = 0.04)
from 10 days (6.31 log 16S/ml) to 3 months (6.06 log 16S/ml), and then increased toward 1 year (7.00 log 16S/ml, P < 0.01). There was insufficient data to determine
the effect of age on the fungal alpha diversity (C); however, bacterial alpha diversity (D) increased steadily from its lowest at 10 days (1.30 H') and highest at 2 years
(2.86 H', P < 0.01). Cesarean section was associated with a non-significant trend toward lower bacterial alpha diversity at 3 months of age (1.09 vs. 1.36 H', P =
0.06). Diamonds indicate sample means and error bars cover the 95% Cl.

fungal samples <35 CT were sequenced, hence only 37 fungal
samples underwent sequencing. The 16S and ITS1 rRNA gene
regions were sequenced with Illumina MiSeq and thereafter
processed with the Quantitative Insights into Microbial Ecology
pipeline and UPARSE for operational taxonomic unit (OTU)
clustering, described previously (15, 20). Rarefaction cut-offs of
2,000 bacterial reads/sample and 6,000 fungal reads/sample were
used to ensure even representation while retaining most samples.
Taxonomic annotation of the OTUs were done against the
Greengenes database v13.8 for bacteria, and using a self-curated
concordance system for fungi, as there are no well-established
methods for fungal annotation (15).

Statistics

The influence of fungal and bacterial abundances and bacterial
diversity on height-SDS and BMI-SDS was estimated using
linear mixed models, accounting for repeated anthropometric

measurements with individuals as random intercept and age as
fixed slope and random slope in a maximum likelihood model.
The distributions of bacterial and fungal abundances were right
skewed and therefore log transformed. Abundances and diversity
were tested against breastfeeding, length of breastfeeding, and
delivery mode with linear mixed models. The models were tested
for interaction between the abundance/diversity and age, which
did not change the estimates and was therefore not included
in the final model. The analyses were also controlled for use
of antibiotics within 2 years without substantial effect on the
associations; thus, unadjusted analyses are reported. Probiotic
supplementation and antibiotic use were not associated with
growth and are therefore not included. However, statistically
significant associations were stratified into probiotic and placebo
groups to ensure that the effect estimators for growth were
consistent and to look for possible confounding by probiotics.
The growth data were divided into three age groups for analysis:
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0-1, 1-2, and 2-9 years. These analyses were computed in
StataMP15 (StataCorp) and remained uncorrected due to their
exploratory nature. Alpha diversity was measured in Shannon-
index (H'), representing the individual microbial diversity and
computed using PAST (26). Fungal diversity was only used as
material description and not in the final analyses due to a low
sample size. Fungal detection in samples were tested against
antibiotic administration in children and length of breastfeeding
and showed no significant differences. Correlation of consecutive
samples was evaluated with Pearson’s pair-wise correlation. The
microbial calculations and heatmaps were conducted in R using
PhyloSeq (27). The OTU analyses were conducted with ANCOM
in R (28), with zero-prevalence cut-off at 0.9, corrected for
multiple comparisons by the Benjamini-Hochberg procedure and
dichotomised into high and low SDS for height and weight at 0
SDS. The significance level was set to « = 0.05.

RESULTS

Study Population

From the 415 mother-child pairs in the ProPACT study, we
included 278 participants with at least one childhood fecal sample
and clinical follow-up data (67%). Included participants” health
characteristics are compared with those without fecal samples
(Table 2), showing that included mothers were 8 months older
and more educated, and their offspring had received more
antibiotics between the first and second years of life.

Fungal and Bacterial Abundances and
Diversities

The fungal and bacterial abundances and alpha diversities at
different ages are shown in Figures 1, 2. The fungal data have
been reported previously (15) but not in relation to bacterial data.

There was no association between mode of delivery and fungal
abundance, bacterial abundance, or bacterial alpha diversity
in fecal samples collected from children; nor did antibiotic
treatment within 6 weeks, 1, or 2 years of age correlate with fungal
abundance, bacterial abundance, or bacterial alpha diversity (not
shown). Duration of breastfeeding was not associated with fungal
abundance, bacterial abundances, or bacterial alpha diversity in
the mixed model analysis including all age groups. In a subgroup
analysis, breastfeeding longer than 1 year was associated with
lower bacterial diversity at 1 year —0.23 H' (95% CI, —0.06 to
—0.39), P = 0.007) but not at 2 years.

Microbiota and Childhood Growth

(Height-SDS and BMI-SDS)
About 13 (median; IQR, 12-16) data points for both weight and
height per child were included in the analysis.

Zero- to One-Year Growth

The linear mixed regression model suggested that higher fungal
abundance at 1 year was associated with a lower BMI-SDS from
0 to 1 year (8 = —0.09 BMI-SDS; 95% CI, —0.18 to —0.00; P
= 0.04) (Figure 3A). However, visualization of the relationship
between fungal abundance quartiles and height-SDS indicates
that this relationship may not be linear (Figure 4C). There was
a trend that a higher fungal abundance in the 3-month sample
also was associated to lower BMI-SDS at 0-1 year, but this did
not reach statistical significance (8 = —0.10 BMI-SDS; 95% ClI,
—0.20 to 0.00; P = 0.06). Bacterial abundance and bacterial alpha
diversity at 1 year were also associated with lower BMI-SDS at 0-
1 year (8 = —0.13 BMI-SDS; 95% CI, —0.22 to —0.04; P = 0.004;
and g = —0.19 BMI-SDS; 95% CI, —0.39 to —0.00; P = 0.047,
respectively) (Figures 3A, 4, Supplementary Figure 1).
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Two- to Nine-Year Growth

Higher fungal abundance at 2 years was positively associated
with height-SDS at 2-9 years (8 = 0.11 height-SDS; 95%
CI, 0.00-0.22; P = 0.04) (Figure 3B), and by visualization,
the mean height-SDS was greater for each quartile of fungal

One- to Two-Year Growth

There were no statistically or clinically significant associations
between fungal or bacterial abundances or bacterial diversity
and height-SDS or BMI-SDS from 1 to 2 years (data
not shown).
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abundance at all time points (Figure 5). There was no association
with fungal abundance at 2 years and BMI-SDS at 2-9 years.
Also, there was no association between bacterial abundance or
bacterial alpha diversity and height-SDS or BMI-SDS (Figure 3,
Supplementary Figure 1).

Microbial Taxa

Neither  height-SDS  nor BMI-SDS appeared to be
associated with compositions of microbial communities
(Supplementary Figure 2). For longitudinal ANCOM models
analysing individual taxa, no individual taxa were associated with

Frontiers in Pediatrics | www.frontiersin.org

November 2020 | Volume 8 | Article 572538



Schei et al. Early Gut Microbiota and Growth

A B
™ - ™ - p
o~ ~ A
2} [}
[a] [a]
5] »
= = 1
2 2
[} [}
I a o3
0 by
ad i oW
b - v
® J © |
b v
T T T T T T T T T T
2 4 6 8 10 2 4 6 8 10
Age Age
Q1 fungal abundance —®—— Q2 fungal abundange Q1 bact. abundance —®—— Q2 bact. abundancg
—&— Q3 fungal abundance —@—— Q4 fungal abundang¢e ——&— Q3 bact. abundance —@—— Q4 bact. abundance
C D
™ o ™+
& A e
— —
[} ()
o (=]
% % -
= =
m m
N E -
o e . ¥y
T T T T T T T T T T
2 4 6 8 10 2 4 6 8 10
Age Age
Q1 fungal abundance —@—— Q2 fungal abundang¢e Q1 bact. abundance —®—— Q2 bact. abundancp
—=8— Q3 fungal abundance—@— Q4 fungal abundange —=@— Q3 bact. abundance —@—— Q4 bact. abundancp
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Group mean BMI-SDS at 2-9 years for high or low abundances of fungi (C) and bacteria (D).

anthropometry. For ANCOM models including fecal samplesat2 ~ longum and height-SDS  (Supplementary Figure 3). No
years and anthropometry from 2 to 9 years, there was a negative ~ other microbial taxa differed significantly with height-
association between relative abundance of Bifidobacterium  SDS or BMI-SDS, indicating that the taxa abundances stay
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relatively stable with increased total abundance (at least
for bacteria).

DISCUSSION

In this prospective population study, we found that greater
abundances of gut mycobiota at 2 years were associated with
increased height in children at 2-9 years. Furthermore, greater
fungal and bacterial abundance and greater bacterial diversity at 1
year of age were associated with lower BMI-SDS in children in the
first year of life. These new findings may suggest a link between
the gut microbiota and childhood growth.

A greater fungal abundance in the 2-year fecal samples
was associated with taller children from 2 to 9 years and was
supported by an increasing trend in height-SDS in the quartile
analysis (Figure 5A). Assuming the range of fungal abundance
of 6 units at 2 years (Figure 1), this would represent a difference
of about 3-4 cm at 6 years of age. This finding was in accordance
with our hypothesis that a more abundant mycobiota could affect
future height. Growth stimulation by adding S. cerevisiae into the
feed has been shown in piglets and dairy cows, possibly through
the growth hormone (GH) axis (29, 30). S. cerevisiae is one of
many fungi found in the human gut mycobiota, with increasing
abundance toward 2 years of age (15). The GH axis becomes
the driving growth regulator from 1 to 2 years when entering
the childhood growth phase (1, 2), which may justify why
the association between fungal abundance and height growth
becomes apparent from 2 years of age.

Children hosting higher abundances of fungi and bacteria
and higher bacterial alpha diversity at 1 year had lower BMI in
their first year of life, in this cohort of healthy well-nourished
Norwegian children with BMI-SDS normally distributed around
zero. Assuming the same range of microbial abundance of 6 units
at 1 year (Figure 1), this would represent a BMI difference of
about 1 BMI unit at 1 year of age. We also observed a tendency
that higher fungal abundance at 3 months correlated with lower
BMI-SDS at 0-1 years. Thus, the relation between BMI-SDS and
microbial abundance and bacterial diversity depicts a process
happening after the first months of life. Our data do not prove a
causal direction in the analysis of microbial abundances/diversity
and infantile BMI. However, the indication at 3 months could
suggest that at least fungal abundance increases at least within
a few months after birth in those with lower infantile BMI-SDS.
The gut microbial abundance and diversity normally increase
from birth to 1 year (31), and having a considerably high
microbial diversity and abundance as food is introduced might be
favorable for a lower BMI development. High bacterial diversity
has been associated with childhood and adult leanness (32), in
accordance with our finding.

Interestingly, the taxonomic analysis yielded no associations
with BMI-SDS, using established and conservative methods. This
is in contrast with several recent investigations that showed
divergent associations with BMI and microbes (5-8). The lack
of consistent findings could be due to sample variations, liberal
statistical tests, or varying methods. By investigating microbial
total abundance, we observed links to both height velocity and

lower BMI. The absolute abundances appear thus to reveal
more than the microbial composition concerning growth. More
rigorous methods and statistical tools in this research field are
required (and are under development) and will hopefully provide
more robust analyses in the future.

We found no associations between antibiotic usage and
growth. This contrasts other human studies showing increased
childhood longitudinal growth after broad-spectrum antibiotics
treatments (12, 13). The livestock growth promotors are
low doses of broad-spectrum antibiotics continually, whereas
the children in our cohort received short-time treatments
of narrow-spectrum antibiotics. Thus, the different treatment
lengths and varying antimicrobial spectrums may explain the
differing findings.

This large population-based cohort of healthy Norwegian
children has a 9-year-long follow-up that enabled us to explore
associations between childhood growth and gut microbiota. A
conservative OTU approach decreased the rate of type I error
findings, and the bacterial analysis is robust. We managed to
quantify fungal DNA abundances in most samples, although
the lack of well-established fungal DNA extraction protocols
validated for stools might have reduced the extraction rate
of fungal DNA. Underlining the difficulty of fungal analyses,
low fungal amounts in general and a bacterially focused DNA
extraction made us unable to describe the total fungal diversity
as only 37 samples were sequenced for fungi, although 64%
of samples were quantified to measure microbial abundances.
Furthermore, the parents collected the fecal samples, which
could represent a random sampling misclassification. There are
no databases for the number of repeats of fungal ribosomal
RNA operons (rrn) for every fungal species detected, which
could impair the quantification precision. Also, as for all DNA-
based microbiome sequencing studies, the proportion of inactive
transient microbes remains unknown. Therefore, these findings
should be replicated, preferably with fungal-specific extraction
kits. However, this is the first study to show an association
between childhood growth and early gut mycobiota abundance,
introducing a novel research area on how early gut mycobiota
may impact human health and might possibly serve as a growth
promotion target.

CONCLUSION

In a 9-year follow-up of healthy well-nourished children,
increased gut fungal abundance appears to be more strongly
associated with childhood anthropometrics (increased height
velocity and reduced BMI) than bacterial abundance and
diversity (reduced BMI only). Analysing gut fungi remains
challenging; nevertheless, the findings call for more research on
how the mycobiota could affect human growth physiology.

DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following
licenses/restrictions: The datasets of the current study are not
publicly available due to legislation of the Norwegian Authorities
on the sharing of personal yet non-identifiable data. The datasets

Frontiers in Pediatrics | www.frontiersin.org

November 2020 | Volume 8 | Article 572538



Schei et al.

Early Gut Microbiota and Growth

are available upon reasonable request and are stored at our
university. Requests to access these datasets should be directed
to Torbjern Qien, torbjorn.oien@ntnu.no.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Regional Ethical Committee of Central Norway
(2014/1796). Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

KS was involved in the microbiome data generation, did
the statistical analysis, interpretation, and drafted the initial
manuscript. MS and PJ contributed to the statistical analysis
and interpretation and reviewed and revised the manuscript. EA
and KR were involved in the microbiome data generation and
reviewed and revised the manuscript. TQ designed the study,
enrolled the participants, coordinated and supervised the data
collection, and reviewed and revised the manuscript. DU and
SS were involved in the conceptualisation and design of the
study and reviewed and revised the manuscript. R@ supervised
the study, conceptualized and designed the study, interpreted
the data, and reviewed and revised the manuscript. All authors
approved the final manuscript as submitted and agreed to be

REFERENCES

1. Murray PG, Clayton PE. Endocrine control of growth. Am ] Med Genet Part
C. (2013) 163:76-85. doi: 10.1002/ajmg.c.31357
2. Karlberg J. A biologically-oriented mathematical model (ICP) for human
growth. (1989) 78:70-94. doi: 10.1111/§.1651-2227.1989.tb11199.x
3. Schwarzer M. Gut microbiota: puppeteer of the host
growth. Curr Opin Clin  Nutr Metab Care. (2018)
doi: 10.1097/MC0O.0000000000000463
4. Robertson RC, Manges AR, Finlay BB, Prendergast AJ. The human
microbiome and child growth - first 1000 days and beyond. Trends Microbiol.
(2019) 27:131-47. doi: 10.1016/j.tim.2018.09.008
5. Forbes JD, Azad MB, Vehling L, Tun HM, Konya TB, Guttman
DS, et al. Association of exposure to formula in the hospital and
subsequent infant feeding practices with gut microbiota and risk of
overweight in the first year of life. JAMA Pediatr. (2018) 172:¢181161.
doi: 10.1001/jamapediatrics.2018.1161
6. Stanislawski MA, Dabelea D, Wagner BD, Iszatt N, Dahl C, Sontag MK,
et al. Gut microbiota in the first 2 years of life and the association with body
mass index at age 12 in a norwegian birth cohort. mBio. (2018) 9:¢01751-18.
doi: 10.1128/mBi0.01751-18
7. Korpela K, Zijlmans MA, Kuitunen M, Kukkonen K, Savilahti E, Salonen
A, et al. Childhood BMI in relation to microbiota in infancy and lifetime
antibiotic use. Microbiome. (2017) 5:26. doi: 10.1186/s40168-017-0245-y
8. Tun HM, Bridgman SL, Chari R, Field CJ, Guttman DS, Becker AB, et al. Roles
of birth mode and infant gut microbiota in intergenerational transmission
of overweight and obesity from mother to offspring. JAMA Pediatr. (2018)
172:368-77. doi: 10.1001/jamapediatrics.2017.5535
9. Subramanian S, Hugq S, Yatsunenko T, Haque R, Mahfuz M, Alam MA, et al.
Persistent gut microbiota immaturity in malnourished Bangladeshi children.
Nature. (2014) 510:417-21. doi: 10.1038/nature13421
. Vatanen T, Plichta DR, Somani J, Munch PC, Arthur TD, Hall AB,
et al. Genomic variation and strain-specific functional adaptation in the

juvenile
21:179-83.

accountable for all aspects of the work. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by the Research Council of Norway
and internal funds from Norwegian University of Science
and Technology (NTNU). The probiotic intervention material
was provided by TINE BA. The funders had no role in
the study design, the data management or the review, and
publishing process.

ACKNOWLEDGMENTS

We wish to thank all participating families in the study.
The laboratory expertise of Inga Leena Angell (MS) at the
Norwegian University of Life Sciences was greatly appreciated.
Great thanks to all cooperating general practitioners and
community nurses without whom the study would not
be accomplished.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.
2020.572538/full#supplementary-material

human gut microbiome during early life. Nat Microbiol. (2019) 4:470-9.
doi: 10.1038/s41564-018-0321-5

. Cromwell G. Why and how antibiotics are used in swine production. Anim
Biotechnol. (2002) 13:7-27. doi: 10.1081/ABIO-120005767

. Saari A, Virta L], Sankilampi U, Dunkel L, Saxen H. Antibiotic exposure in
infancy and risk of being overweight in the first 24 months of life. Pediatrics.
(2015) 135:617-26. doi: 10.1542/peds.2014-3407

. Yang Y], Sheu BS, Yang HB, Lu CC, Chuang CC. Eradication of Helicobacter
pylori increases childhood growth and serum acylated ghrelin levels. World ]
Gastroenterol. (2012) 18:2674-81. doi: 10.3748/wjg.v18.i21.2674

. Chaucheyras-Durand F, Walker ND, Bach A. Effects of active dry yeasts on the
rumen microbial ecosystem: past, present and future. Anim Feed Sci Technol.
(2008) 145:5-26. doi: 10.1016/j.anifeedsci.2007.04.019

. Schei K, Avershina E, @ien T, Rudi K, Follestad T, Salamati S, et al. Early
gut mycobiota and mother-offspring transfer. Microbiome. (2017) 5:107.
doi: 10.1186/s40168-017-0319-x

. Costalos C, Skouteri V, Gounaris A, Sevastiadou S, Triandafilidou
A, Ekonomidou C, et al. Enteral feeding of premature infants
with  Saccharomyces boulardii. Early Hum Dev. (2003) 74:89-96.
doi: 10.1016/S0378-3782(03)00090-2

. Xu L, Wang Y, Wang Y, Fu ], Sun M, Mao Z, et al. A double-blinded
randomized trial on growth and feeding tolerance with Saccharomyces
boulardii CNCM 1-745 in formula-fed preterm infants. J Pediatr. (2016)
92:296-301. doi: 10.1016/j.jped.2015.08.013

. Dotterud CK, Avershina E, Sekelja M, Simpson MR, Rudi K, Storro O,
et al. Does maternal perinatal probiotic supplementation alter the intestinal
microbiota of mother and child? ] Pediatr Gastroenterol Nutr. (2015) 61:200—
7. doi: 10.1097/MPG.0000000000000781

. Juliusson PB, Roelants M, Nordal E, Furevik L, Eide GE, Moster D,
et al. Growth references for 0-19 year-old Norwegian children for

length/height, weight, body mass index and head circumference.
Ann  Hum  Biol. (2013) 40:220-7. doi: 10.3109/03014460.2012.
759276

Frontiers in Pediatrics | www.frontiersin.org

10

November 2020 | Volume 8 | Article 572538



Schei et al.

Early Gut Microbiota and Growth

20.

21.

22.

23.

24.

25.

26.

27.

28.

Avershina E, Lundgard K, Sekelja M, Dotterud C, Storro O, Oien T, et al.
Transition from infant- to adult-like gut microbiota. Environ Microbiol.
(2016) 18:2226-36. doi: 10.1111/1462-2920.13248

Fiedorova K, Radvansky M, Nemcova E, Grombirikova H, Bosak J,
Cernochova M, et al. The impact of DNA extraction methods on stool
bacterial and fungal microbiota community recovery. Front Microbiol. (2019)
10:821. doi: 10.3389/fmicb.2019.00821

Yu Y, Lee C, Kim ], Hwang S. Group-specific primer and probe sets to detect
methanogenic communities using quantitative real-time polymerase chain
reaction. Biotechnol Bioeng. (2005) 89:670-9. doi: 10.1002/bit.20347

Tang J, lliev ID, Brown J, Underhill DM, Funari VA. Mycobiome: approaches
to analysis of intestinal fungi. J Immunol Methods. (2015) 421:112-21.
doi: 10.1016/j.jim.2015.04.004

Edwards JE, Forster R], Callaghan TM, Dollhofer V, Dagar SS, Cheng Y, et al.
PCR and omics based techniques to study the diversity, ecology and biology
of anaerobic fungi: insights, challenges and opportunities. Front Microbiol.
(2017) 8:1657. doi: 10.3389/fmicb.2017.01657

Taylor DL, Walters WA, Lennon NJ, Bochicchio ], Krohn A, Caporaso
JG, et al. Accurate estimation of fungal diversity and abundance
through improved lineage-specific primers optimized for Illumina
amplicon sequencing. Appl Environ Microbiol. (2016) 82:7217-26.
doi: 10.1128/AEM.02576-16

Hammer @, Harper DAT, Ryan PD. PAST: Paleontological statistics software
package for education and data analysis. Palaeontol Electr. (2001) 4:9.
Available online at: http://palaeo-electronica.org/2001_1/past/issuel_01.htm
McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS ONE. (2013) 8:¢61217.
doi: 10.1371/journal.pone.0061217

Mandal S, Van Treuren W, White RA, Eggesbo M, Knight R, Peddada
SD. Analysis of composition of microbiomes: a novel method for

29.

30.

31.

32.

studying microbial composition. Microb Ecol Health Dis. (2015) 26:27663.
doi: 10.3402/mehd.v26.27663

Jiang Z, Wei S, Wang Z, Zhu C, Hu S, Zheng C, et al. Effects of different
forms of yeast Saccharomyces cerevisiae on growth performance, intestinal
development, and systemic immunity in early-weaned piglets. ] Anim Sci
Biotechnol. (2015) 6:47. doi: 10.1186/540104-015-0046-8

Nasiri AH, Towhidi A, Shakeri M, Zhandi M, Dehghan-Banadaky
M, Colazo MG. Effects of live yeast dietary supplementation on
hormonal profile, ovarian follicular dynamics, and reproductive
performance in dairy cows exposed to high ambient temperature.
Theriogenology. (2018)  122:41-6. doi: 10.1016/j.theriogenology.2018.
08.013

Bickhed E Roswall ], Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P.
Dynamics and stabilization of the human gut microbiome during the first
year of life. Cell Host Microbe. (2015) 17:690-703. doi: 10.1016/j.chom.2015.
05.012

Sze MA, Schloss PD. Looking for a signal in the noise: revisiting obesity and
the microbiome. mBio. (2016) 7:¢01018-16. doi: 10.1128/mBi0.01018-16

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Schei, Simpson, Avershina, Rudi, Qien, Jiliusson, Underhill,
Salamati and Qdegdrd. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

11

November 2020 | Volume 8 | Article 572538






PAPER Il






—_

Allergy-related diseases and early gut fungal and bacterial microbiota
in children

Short title: Allergy and gut myco- and microbiota in children
Journal: Clinical and Translational Allergy

Kasper Schei*!, Melanie Rae Simpson??3, Torbjern Gien?, Saideh Salamati*, Knut Rudi5,
Ronnaug Astri @degard'*.

'Department of Clinical and Molecular Medicine, Faculty of Medicine and Health Sciences, NTNU —
Norwegian University of Science and Technology, Trondheim, Norway;

“Department of Public Health and Nursing, Faculty of Medicine and Health Sciences, NTNU —
Norwegian University of Science and Technology, Trondheim, Norway;

3Clinic of Laboratory Medicine, St. Olav’s Hospital, Trondheim, Norway.

“Regional Centre of Obesity Research and Innovation (ObeCe), St. Olav’s Hospital, Trondheim,
Norway;

SFaculty of Chemistry, Biotechnology and Food Science, Norwegian University of Life Sciences, As,
Norway;

* Correspondence:

Kasper Schei

kasperschei@gmail.com

Acknowledgements: Our greatest thanks go to all participating families, as well as all GPs and
community nurses who made this study possible. The assistance from Inga Leena Angell (MS) at the
Norwegian University of Life Sciences was most appreciated.

Language: British English

This paper is awaiting publication and is not included in NTNU Open



ISBN 978-82-326-5580-9 (printed ver.)
ISBN 978-82-326-6774-1 (electronic ver.)
ISSN 1503-8181 (printed ver.)

ISSN 2703-8084 (online ver.)

< NTNU

Norwegian University of
Science and Technology



	Blank Page



