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TIDLEG SOPP- OG BAKTERIEMIKROBIOTA I VEKST OG 

ALLERGIRELATERTE SJUKDOMMAR 
BARNETARMFLORA I VEKST- OG ALLERGIUTVIKLING 
Det er ikkje tvil om at tarmflora er i vinden for tida. Endeleg har forskarar kunna djupdukke ned i 

mikrobemiljøet i tarmen, for no har ein fått mye betre metodar å gjere det på. Tarmfloraen er det 

gløymte organet fordi ein har visst om det lenge, men først dei siste åra har forstått at desse 1-2 

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

Til no har ein sett mest på korleis bakteriar i tarmen påverkar oss, men hos dei aller minste barna 

er dette ikkje fullt utforska. Om tarmsoppen, som berre utgjer ein brøkdel av tarmmikrobane, veit 

ein enda mindre, og knapt noko hos barn. Denne avhandlinga omfattar tre studiar kor den første 

har skildra barnesoppfloraen hos barn frå 10 dagar til 2 år og mødrene deira. I studie to og tre har 

ein sett på om det er samanheng mellom sopp- og bakterieflora hos desse barna, med høvesvis 

vekstutvikling fram til 9 år og astma- og allergiutvikling fram til 6 år. Vi har analysert resultat frå 

298 (studie 1) og 278 barn (studie 2 og 3) og deira mødrer frå ProPACT-studien som vart 

gjennomført i Trondheim på starten av 2000-talet. Der målte vi mengda sopp- og bakterie-DNA, 

og vi prøvde å finne ut kva for sopp- og bakterieartar det DNA-et kom frå ved å sekvensere det.  

I første studie såg vi at 88 % av mødrer og 56-76 % av barna hadde påviseleg sopp i 

avføringsprøvene sine. Litt usikkerheit rundt utvinninga av sopp-DNA-et gjer at det kan vere 

meir. Dessutan hadde barn høgare sjanse for å ha påviseleg tarmsopp om mor hadde det. Den 

vanlegaste tarmsoppen hos spedbarna var Debaryomyces hansenii, ei mjølkegjær som òg finst i 

Jarlsberg. Hos dei større barna var brødgjæra vanlegast (Saccharomyces cerevisiae). Vi klarte 

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

I andre og tredje studie fann vi at toåringane med mye tarmsopp vart høgare mellom 2-9 år, og 

desse hadde òg høgare sjanse for å utvikle astma og høysnue fram til 6 år. Dessutan fann vi at 

meir sopp og bakteriar i tarmen hos eittåringar var tynnare første leveåret. Vi har med dette funne 

ein samanheng, men det tyder ikkje direkte at ein blir høgare og allergisk av å ete ein godt gjæra 

bolledeig. Ein har likevel føreslått at visse korte feittsyrer og hormon han henge i hop med vekst- 

og astmautviklinga. 

Dette er heilt nye eksperimentelle funn som ein treng å stadfeste i nye studiar for å kunne stole 

fullt på dei. Likevel peiker dei på at tarmfloraen, og særleg tarmsoppen, kan ha innverknad på den 

utviklande kroppen til barna som veks opp blant oss.  
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Early gut mycobiota and mother-offspring
transfer
Kasper Schei1* , Ekaterina Avershina2, Torbjørn Øien3, Knut Rudi2, Turid Follestad3, Saideh Salamati4†

and Rønnaug Astri Ødegård1,4†

Abstract

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
transfer from mother to offspring.

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 qPCR 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
(Illumina).

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
mycobiota abundance in pregnant mothers (p = 0.01).

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
to offspring.

Trial registration: Clinicaltrials.gov NCT00159523

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

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

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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the pregnant population from 36 weeks of gestation
until 3 months after birth. The probiotic milk contained
5 × 1010 colony-forming units (CFUs) of Lactobacillus
rhamnosus GG (LGG), 5 × 1010 CFUs of Bifidobacter-
ium animalis subsp. lactis Bb-12 and 5 × 1010 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,

including a negative control as contamination control.
Fungal internal transcribed spacer 1 (ITS1) amplicons were
constructed using the primer pairs ITS1F (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) × 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 18S 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 q-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 ITS1 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%)

Table 1 Maternal and offspring characteristics

Maternal age at delivery (years (SD)) 29.6 (± 3.9)

Caesarean sections 12.8%

Probiotic users 49.4%

Antibiotic therapy during pregnancy 7.2%

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 3 months 97.1%

Formula-fed at 3 months 6.5%

Proportion of children receiving antibiotic treatment within

- 6 weeks 6.3%

- 1 year 17.2%

- 2 years 44.4%
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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 < 10−50); 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

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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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) = 1.54 (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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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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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. 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. 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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Fig. 2 Fungal ITS DNA concentration in maternal and offspring faecal samples. 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
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a b

c

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 c offspring for 1–2 years. Each coloured box represents an OTU. The individual fungal ITS DNA concentration is on top of each bar

(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. c The beta diversity as Bray-Curtis Distance describes
the between-sample diversity from 0 to 1
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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. cerevisiae 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

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.

Additional files

Additional file 1: Table S1. Rarefaction table of sequenced samples.
Table S2. ITS DNA concentration for all age groups. Table S3. Detectable
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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 0 and 2 years

and anthropometric measurements 0 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 (β) 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 (β = 0.11 height-SDS; 95% CI, 0.00, 0.22) but not with BMI-SDS. Also, higher

fungal abundance at 1 year was associated with a lower BMI-SDS at 0–1 year (β =−0.09

BMI-SDS; 95% CI, −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 (β =−0.13 BMI-SDS;

95% CI, −0.22, −0.04; and β = −0.19 BMI-SDS; 95% CI, −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 × 1010 colony-forming units (CFUs) of each of
Lactobacillus rhamnosusGG and Bifidobacterium animalis subsp.
lactis Bb-12 and 5 × 109 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 beminimal, 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 10ml 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)a 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)a 15 (6%) 4 (2%) 7 (3%) 11 (4%) 37 (4%)

aSamples were sequenced if the qPCR 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

samples (n = 278)

ProPACT participants without

fecal samples (n = 136)

P-valuea

Maternal age at delivery [mean (SD), years] 30.0 (4.3) 29.3 (4.8) 0.03

Cesarean sections [No. (%)] 35 (12.6) –b –b

Allocated to probiotics [No. (%)] 141 (50.5) 63 (43.6) 0.42

Maternal higher education [No. (%)] 217 (77.8) 79 (58.5) < 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. (%c)] 224 (97.4) 39 (97.5) 0.97

Formula fed after 3 months [No. (%c)] 98 (36.3) 18 (40.0) 0.63

Breastfed beyond 1 year [No. (%c)] 73 (28.1) 9 (29.0) 0.99

CHILDREN RECEIVING ANTIBIOTIC TREATMENT WITHIN [NO. (%C)]

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. (%c)] 16 (6.5) 2 (2.9) 0.09

Overweight (BMI-SDS ≥1) at 7–9 years [No. (%c)] 44 (18.2) –b –b

Obesity (BMI-SDS ≥2) at 7–9 years [No. (%c)] 6 (2.5) –b –b

aP-values calculated using χ2 test for binary variables and t-test for continuous variables.
bNot available.
cPercentage 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% CI.

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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FIGURE 2 | Bar charts of fungal and bacterial gut communities. (A) Mean relative abundances for the fungal genera (>1% abundant) for each age group. Each color

designates a genus. Number of samples for each bar is stated in brackets below the bar. (B) Mean relative abundances for the bacterial genera for each age group.

Each color designates a genera. The number of samples is stated in brackets below the bar.

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 α = 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 (β = −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 (β = −0.10 BMI-SDS; 95% CI,
−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 (β =−0.13 BMI-SDS; 95% CI,−0.22 to−0.04; P= 0.004;
and β = −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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FIGURE 3 | BMI-SDS and height-SDS and microbial abundance as predicted linear associations. (A) Predictions of BMI-SDS at 0–1 year for fungal and bacterial

abundances. (B) Prediction of height-SDS at 2–9 years for fungal and bacterial abundance. The predictions are shown as lines, and the colored areas cover the 95%

CI. The bacterial abundance prediction model for height-SDS remains statistically non-significant.

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).

Two- to Nine-Year Growth
Higher fungal abundance at 2 years was positively associated
with height-SDS at 2–9 years (β = 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
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FIGURE 4 | Mean height-SDS and BMI-SDS at 0–1 years according to microbiota abundances at 1 year. Mean standard deviation scores (SDS) values for children at

0–1 year with four quartiles of microbiota abundances at 1 year. Group mean height-SDS at 0–1 year for four quartiles of abundances of fungi (A) and bacteria (B).

Group mean BMI-SDS at 0–1 year for high or low abundances of fungi (C) and bacteria (D).

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
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FIGURE 5 | Mean height-SDS and BMI-SDS at 2–9 years according to microbiota abundances at 2 years. Mean standard curve deviation (SDS) values for children at

2–9 years with four quartiles of microbiota abundances at 2 years. Group mean height-SDS at 2–9 years for four quartiles of abundances of fungi (A) and bacteria (B).

Group mean BMI-SDS at 2–9 years for high or low abundances of fungi (C) and bacteria (D).

anthropometry. For ANCOMmodels including fecal samples at 2
years and anthropometry from 2 to 9 years, there was a negative
association between relative abundance of Bifidobacterium

longum and height-SDS (Supplementary Figure 3). No
other microbial taxa differed significantly with height-
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 introducedmight 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.
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